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ABSTRACT 
COMPARING THE STIFFNESS AND STRENGTH OF NATURAL AGGREGATE 
TO BUILDING DERIVED AGGREGATE 
by 
Corey J. Clark 
University of New Hampshire, May, 2010 
The US generates approximately 50 million tons of building derived 
aggregate (BDA) each year, and as the cost of natural materials increases, there 
is growing interest in using BDA in roadway construction. Comparison between 
natural aggregate and BDA is critical in determining the viability of such materials 
in roadway design. Current roadway design uses material stiffness as a primary 
input parameter, so material stiffness was used for comparison in this research. 
Non-intrusive field stiffness testing was conducted using a Light Weight 
Falling Deflectometer (LWD) and compared to stiffness results from laboratory 
Resilient Modulus Triaxial (RMT) tests. In addition to stiffness testing, strength 
testing was done using the California Bearing Ratio (CBR) test. Results were 
used to verify existing correlations between the different methods. Comparison 
of the tests and materials showed that BDA has a higher stiffness than natural 




1.1 Problem Statement 
Stiffness is a parameter that can be easily determined when testing 
homogenous metals such as steel or aluminum. However, to determine the 
stiffness of soils, of natural sand, gravel or clay, there is no easy process. Over 
the past decades, research has been conducted to help determine the stiffness 
of soils in an efficient, repetitive manner. Pavement design engineers are 
especially interested in developing these methods due to the importance of the 
stiffness parameter in roadway design. The new Mechanistic Empirical 
Pavement Design Guide (MEPDG) developed under NCHRP Project 1-37A, and 
other existing pavement design guides including the 1993 AASHTO flexible 
pavement design guide use a measure of stiffness called the Resilient Modulus 
(MR) as the primary input parameter when characterizing subgrade and unbound 
bases. Another measure of stiffness is the dynamic modulus obtained from falling 
weight tests. This research used both resilient modulus and falling weight testing 
techniques to determine base/subbase stiffness of natural and recycled material 
aggregates. The results were compared to traditional bearing capacity testing to 
provide insight into potential variability in the test methods and possible 
correlations. 
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1.1.1 Flexible Pavement 
Currently, pavement design can be broken down into two categories, rigid 
pavement and flexible pavement. This research focused on the flexible pavement 
system due to the extensive use of flexible pavement designs for modern 
highways in the State of New Hampshire. The field work conducted during this 
research was on a flexible pavement system designed and constructed by the 
State of New Hampshire Department of Transportation (NHDOT). Therefore, the 
laboratory work was conducted in a manner applicable to flexible pavements and 
roadways in New Hampshire. In general, a flexible pavement consists of hot mix 
asphalt, granular base, granular subbase and subgrade, as shown in Figure 1.1. 
Figure 1.1 Flexible Pavement System 
Stiffness is a key parameter in pavement design due to the theory that 
flexible pavements fail because of fatigue such as rutting and cracking rather 
than material strength failure. It is, however, much easier to determine a 
materials bearing capacity or strength using tests such as the California Bearing 
2 
Ratio (CBR). Using the bearing capacity values and correlating these results to 
stiffness results is a technique investigated in this research. 
1.1.2 Stiffness Measurements 
Several methods exist to determine the stiffness of pavement layers. 
Currently, the most popular methods for determining stiffness are: 
• Resilient Modulus Testing 
• California Bearing Ratio Testing (using an empirical relationship) 
• Falling Weight Deflectometer or Light Weight Falling Deflectometer testing 
Two of these methods, Resilient Modulus Testing and Falling Weight 
Deflectometer or Light Weight Falling Deflectometer testing, yield results as soon 
as the test is completed. There is debate, however, on how well resilient modulus 
values correlate to the Falling Weight Deflectometer or Light Weight Falling 
Deflectometer results. Using tests conducted during this research, both in the 
field and in the laboratory, comparisons were made between the testing 
methods. 
1.1.3 Aggregate Materials 
The overwhelming majority of materials that are used in pavement 
base/subbase construction are natural aggregates. These materials are derived 
from natural resources. With the increase in roadway construction and 
rehabilitation, more and more natural aggregates are needed. This leads to a 
dilemma; more materials are needed, but less natural aggregates are available. 
Construction and Demotion (C&D) debris can be a solution to this problem. 
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Currently, C&D debris materials created in this country are underutilized due to 
the variability of the material and the uncertainty of how the material will perform 
under varying conditions. One of these applications in question is using C&D 
debris in a flexible pavement system as a base or subbase. This research 
explored the possibility of using C&D debris as a base/subbase and how it 
performs when compared to natural materials. 
1.2 Thesis Objectives 
The primary objective of this research was to evaluate the potential of using 
aggregate derived from C&D debris sources as base material in roadway 
designs. This would be accomplished by comparing stiffness results of natural 
and recycled aggregate materials. Determining stiffness would be in the form of 
comparing Light Weight Falling Deflectometer (LWD) tests, conducted both in the 
field and in the lab, to results obtained by Resilient Modulus Triaxial (RMT) 
testing and California Bearing Ratio (CBR) testing. 
1.2.1 Materials 
During this research three base/subbase materials were investigated. Two 
of the materials were natural aggregate materials while the third material was 
building derived aggregate (BDA) derived from C&D debris sources. The two 
natural materials were selected due to their use in the reconstruction of Route 16 
in Rochester, New Hampshire and the ability to test these materials both in the 
field and in the laboratory. More information on this particular project is in section 
4 
3.2. The BDA was selected because of the ease of access to the material in New 
Hampshire. The three selected materials that were tested are as follows: 
• Bank Run Sand used by the NHDOT 
• 2 inch Minus Crushed Stone used by the NHDOT 
• Building Derived Aggregate derived from C&D debris sources 
located in New Hampshire 
1.2.2 Methods 
Although there are a wide variety of methods that can be employed when 
trying to determine the stiffness of a material, four primary methods were used 
during this research. They were: 
• Field Light Weight Falling Deflectometer 
• Lab Light Weight Falling Deflectometer 
• Lab California Bearing Ratio 
• Lab Resilient Modulus 
Both the bank run sand and 2 in. minus crushed stone were subjected to all four 
tests. The BDA however was not subjected to the field light weight falling 
deflectometer due to the unavailability to test the material in a field setting. To 
accurately compare each test, each material was changed as little as possible 
between tests. Multiple tests were done using each method on each material, to 
obtain accurate values to be used in comparisons. These tests were conducted 





2.1 Pavement Design 
Roadway design dates back to the days of the Roman Empire. Due to the 
robust nature of the Roman roads, some of them can still be seen today. Over 
2,000 years later, in the days prior to World War II, roads in the United States 
were primarily designed using experience and judgment. Engineers and 
contractors designing the roads knew what had worked for them in the past. Due 
to the limited amount of traffic on the roadways, this approach worked for the 
time. During the war, however, a vast number of airports and military highways 
needed to be built as quickly as possible while ensuring they could withstand the 
large loads induced on them by military traffic. 
The knowledge of highway and airport design gained during the war was 
critical when soldiers came home and President Dwight D. Eisenhower signed 
the Federal-Aid Highway Act of 1956 starting the National Interstate System 
(U.S. Department of Transportation, 2009). It was while the interstate system 
was in its infancy stage that the American Association of State Highway and 
Transportation Officials (AASHTO) implemented the largest roadway testing 
program in history. 'The AASHTO road test was a $27 million dollar project 
undertaken cooperatively by 49 states, the District of Columbia, Puerto Rico, the 
6 
Bureau of Public Roads, and various industry groups. The test road was located 
near Ottawa, Illinois" (Wright and Dixon, 2004, p. 446). A wide variety of 
pavement systems and layers were tested along with a wide variety of 
continuous truck traffic. This continuous testing from 1956 to 1960 led to the first 
AASHTO design guide called AASHTO Interim Guide for the Design of 
Pavement Structures-1972 (Wright and Dixon, 2004) 
2.1.1 Pavement Design Guides. 
The testing that was conducted from 1956 to 1960 led to the information 
needed for AASHTO to create a semi-empirical pavement design guide. This first 
guide published was the AASHTO Interim Guide for the Design of Pavement 
Structures - 1972. This guide was widely accepted by state highway 
departments. By 1977 it was reported that 32 departments were using the guide 
(Wright and Dixon, 2004). This well known guide was instrumental to the design 
of highways throughout the United States during the 1980's. It is still used by 
some DOTs, including the NHDOT. 
The lessons learned from the implementation of the 1972 design guide led 
to the development of the AASHTO Guide for the Design of Pavement Structures 
published in 1986 and revised to its current form in 1993 (Wright and Dixon, 
2004). This design guide is now widely used by most DOTs in the US. This 
method incorporates a wide variety of environmental and physical conditions that 
the roadway will experience throughout its lifetime. These parameters include 
traffic conditions, reliability, subgrade soil properties, base/subbase material 
7 
properties, environmental effects, and loss of serviceability. When these 
parameters are entered into the guide, a structural number is calculated. This 
calculated structural number is then used to design the pavement layer 
properties and thicknesses. As shown in Figure 2.1, the 1993 AASHTO design 





















AASHTO AASHTO AASHTO 
1972 1986 1993 
MEPDG Agency Agency No 
Specific Specific Response 
Mechanistic Empirical 
Procedure Procedure 
Figure 2.1 Pavement Design Guides Currently In Use (Puppala 2008). 
Pavement engineers studying subgrade and base/subbase properties for 
the guide introduced the resilient modulus (Puppala, 2008). It was during the 
extensive AASHTO road test and other research that researchers determined 
pavement does not fail due to strength failure but rather, pavement fails due to 
fatigue of the pavement overtime (Puppala, 2008). The resilient modulus is a 
measure of the stiffness of the pavement materials and their elastic properties. 
It was in 1987 that the Long-Term Pavement Performance Program 
(LTPP) was implemented by a joint effort between the U.S and Canada. 
Managed by the Federal Highway Administration (FHWA) the goal of the 
program was to study more than 2400 pavement test sections located throughout 
the U.S and Canada for a 20 year period (Fwa, 2006). The data from this 
ongoing study has been used to refine the design procedures of the 1993 
AASHTO design guide and make recommendations for future design guides. 
2.1.2 Current Design Methods 
Using the gathered data and research conducted throughout the 1990's 
AASHTO has developed the Mechanistic-Empirical Pavement Design Guide 
(MEDPDG). While, the MEDPDG is the most up-to-date design guide, it is still in 
its infancy. The design guide is intended to use a more mechanistic approach to 
designing the pavement system, rather than just relying on assumptions and 
empirical correlations previously used to design pavement systems. "Unlike 
empirical procedure, the mechanistic-empirical format of the proposed M-E 
Pavement Design Guide provides a framework for continuous improvement to 
keep up with changes in trucking, materials, construction, design concepts, 
computers and others" (Fwa, 2006, pp. 8-26). Like the 1993 AASHTO design 
guide, the MEDPG takes into account subgrade properties, paving materials, 
construction, environmental factors, traffic loading, sub-drainage, pavement 
performance, design reliability, and life cycle costs. A level by level approach is 
used with respect to traffic, materials and environmental inputs. Depending on 
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the data collected for these inputs, the designer has the option of 3 levels of 
input. The first level represents the best, most accurate data and is typically used 
when the most robust design is needed to prevent any possibility of premature 
failure. This level requires a heightened understanding of the materials to be 
used in design and requires both field testing and laboratory testing, such as the 
resilient modulus triaxial test. If the designer does not have the ability to reach a 
level one input, he or she has the option of a level two or even a level three input. 
Level three has the lowest level of accuracy and should only be used on 
roadways that do not require a fail-safe design (Fwa, 2006). 
When a department of transportation is interested in using the MEDPG 
AASHTO recommends that the agency setup a calibration location. Since the 
MEDPG, for level one and even level two inputs, requires a more in depth 
knowledge of the materials and conditions used in the design, a calibration 
location will help in gaining that needed knowledge. This calibration location will 
help the agency with determining their traffic loads, environmental conditions and 
pavement breakdown overtime. The calibration location usually required that the 
DOT is designing and building a roadway from the subgrade up. By building a 
new roadway, the DOT has the ability to place sensors and instruments into the 
pavement system to monitor traffic loads, environmental conditions and 
pavement breakdown overtime. The NHDOT has implemented a calibration 
location on Route 16 in Rochester, New Hampshire to help determine how 
MEDPG will be used in future designs. 
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2.1.3 Current Base/Subbase Materials 
The modern flexible pavement system typically consists of 4 primary 
layers as shown in Figure 1.1. The surfacing layer or the wearing surface is the 
top layer and is directly exposed to traffic loads. This layer is conventionally 
asphalt concrete and is the thinnest, approximately 6 inches thick, and most 
flexible part of the flexible pavement system. 
The base layer, approximately 1 to 2 feet thick, under the surfacing layer 
is primarily used to distribute the stresses caused by traffic loading on the 
surface layer (Wright and Dixon, 2004). This layer is made up of high quality 
materials, usually a crushed stone or gravel, which create a stable and dense 
layer that has minimal breakdown. The angular characteristics of the crushed 
stone give it the ability to lock together giving it high strength, while still allowing 
for drainage beneath the surface layer. The materials used for this layer vary 
greatly through the United States due to the availability of local materials for 
DOTs. This material is also designed based on local environmental conditions, 
such as frost and drainage. 
The subbase layer, approximately 1 to 2 feet thick, is very similar to the 
base layer. Its primary purpose is to distribute stresses and loads induced by 
traffic to the underlying subgrade. Like the base layer, the subbase layer is made 
of high quality materials. However, because the stresses are decreased, the 
subbase layer can be made from materials that are less expensive than the base 
layer, while still allowing for proper drainage and a durable working surface. This 
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layer may also be used when the subgrade is a poor building material and needs 
to be replaced with a higher quality material. 
The subgrade is the foundation of the flexible pavement system. This layer 
is usually made from the natural material that is present when overburden is 
removed to build the roadway. Although it is compacted to certain specification, 
the material properties of this layer may vary greatly throughout a roadway. The 
variability of the layer's properties needs to be addressed during construction. 
2.2 Construction and Demolition Debris 
In many parts of the United States a lack of developable land is a growing 
concern. To parallel the decrease in the amount of developable land, there is a 
decrease in the amount of land that can be used to store or dispose of unwanted 
waste. The problem is compounded when developers want to simultaneously 
tear down an existing structure for development and dispose of the material from 
the deconstruction. In order to dispose of the material properly, developers have 
to deal with the great expense of tipping fees when placing material from 
deconstruction in a landfill. Instead of landfilling the material, developers could 
potentially use material from deconstruction in a way that saves landfill space, 
money, and valuable natural resources. 
2.2.1 History of Construction and Demolition Debris. 
Historically construction and demolition (C&D) debris was regarded as 
waste and was sent to a landfill. During the 1970's with the establishment of the 
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Environmental Protection Agency (EPA), people throughout the U.S. became 
more conscious of landfills. Valuable land was being used to dispose of material 
that may have a purpose or renewed life. In the past two decades, urban 
development has been on the rise. Corresponding with that rise has been the 
rise in the production of C&D debris. 
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Connecticut: in practice, data could include bulky waste that is not C&D 
Maine: out-of-state waste could be reported by Maine facilities as waste generated in Maine 
and/or reported as MSW instead of C&D at the Maine facility. 
Massachusetts: more waste from Massachusetts might go to Maine and New Hampshire than 
officially reported by facilities in those states (see Maine and New Hampshire notes). 
New Hampshire: out-of-state waste could be reported by New Hampshire facilities as 
waste generated in New Hampshire and/or reported as MSW instead of C&D at the New 
Hampshire facility. 
New Jersey: only disposal data was available, and therefore generation does not include the 
quantity recovered from processing. 
New York: some C&D waste might be direct-hauled to Pennsylvania for disposal or processing, 
and those quantities are unknown by NYSDEC. 
Rhode Island: some management of C&D waste in Rhode Island might not occur at regulated 
facilities. 
Vermont: C&D waste activity per person is likely to be lower in Vermont due to its lack of multiple 
large urban areas when compared to the other NEWMOA-member states. 
In 2002, there was approximately 243,470 tons of C&D produced in New 
Hampshire. In 2006, the amount of C&D produced increased by approximately 
55% to 442,301 tons, as shown in Table 2.1 (Griffith, 2006). 
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This increase also coincided with increased in tipping fees to dispose of 
C&D debris. These debris are primary composed of non-hazardous material that 
is generated during construction and demolition activities. Table 2.2 shows the 
type of material in C&D debris, by weight, seen in the northeast U.S. 







































*Percentage by weight as reported in the DSM Environmental Report. 2007 Massachusetts 
Construction and Demolition Debris Industry Study 
"Determined using the estimated generation data presented in Table 2.1 
Since the material is generated from construction activities, it is usually not 
mixed with municipal solid waste. However, until recently it has been treated as 
such. But unlike municipal solid waste, C&D debris rarely goes to waste 
incinerating facilities because the material lacks in burnable or organic matter. 
This makes the process of removing C&D from the general waste stream a 
relatively easy matter. Instead of sending it to a landfill, the material can be sent 
to a recycling facility for processing. 
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One problem is that processing C&D debris is more expensive than 
disposing of C&D debris. As of 2009, the cost to dispose of C&D debris to 
Turnkey Landfill in Rochester, NH, owned by Waste Management Inc. was 
$86.00 a ton (Mary, 2010). By sending C&D debris to Turnkey Landfill, it is 
deemed municipal solid waste and is placed in the landfill with no further 
processing. If the same contractor was to chose to send the C&D debris to a 
facility to be processed it could cost as much as $90.00 a ton (Sarno, 2010). The 
rise in cost for processing is directly related to the amount of time and labor 
needed for separation of the individual C&D debris constituents so that they can 
be properly recycled or reused. 
2.2.2 Current Practices and Uses 
As shown in Table 2.3, C&D debris is composed of many different 
materials with properties that are drastically different. This makes using C&D 
debris in its unprocessed state very impractical, unless the application doesn't 
demand any specific material properties. Some of the materials in C&D debris, 
such as drywall, have adverse environmental impacts when not properly 
managed, making them unwanted for general applications. 
15 
Table 2.3 2006 Estimated C&D Waste Recovery in the Northeast (Griffith 2006). 
! Estimated 
Quantity 
Material Generated in 
NEWMOA 
| Region (tons) 
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NA = Not Available 
*637,476 tons was reported by New York. New York recovery data most likely includes ABC 
generated from road and bridge projects, which skews the New York and regional data. If NJ and 
NY are removed, the estimated quantity of ABC generated for New England states is 419,190 
tons, recovered is 48,988, and the difference is 370,202 tons. 
According to Gill Sarno of Environmental Resource Return Corporation 
(ERRCO), C&D debris is obtained from both construction contractors and 
demolition contractors. There is no formula for making C&D debris. C&D debris 
can be composed of a variety of materials. The first step in properly processing 
C&D debris is to separate the material into primary components. This process 
can involve handpicking and sorting, the use of both regular and eddy current 
magnets and by the use of float tanks (Sarno, 2010). Once this process is 
complete, the various matter is stockpiled to be recycled. Wood materials are 
usually purchased by a biomass customer for electricity production. Asphalt 
products, including asphalt shingles, are ground up and mixed with natural 
materials for asphalt production. Most of the metal and plastics are sold to 
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companies for recycling (Sarno, 2010). This leaves the concrete, stone and brick 
in the C&D debris stream to be processed. 
The concrete, stone, and brick is usually stockpiled in one location. For 
the purpose of this research, the mixture of concrete, stone and brick will be 
defined as building derived aggregate (BDA). The concrete in BDA is composed 
of all grades of concrete. A typical BDA stockpile may be composed of brick and 
stone all mixed with a variety of materials ranging from slabs of high grade 
concrete to cinder blocks and mortar to deteriorated concrete with large 
aggregate. The BDA is usually stockpiled or crushed to be used as aggregate in 
a number of applications. If the material is not crushed, it is free of cost or sold at 
a relatively low price to be used as bulk fill in applications where a low grade fill is 
needed. If the material is crushed, it is sold at $4 to $5 dollars a ton (Sarno, 
2010). 
The crusher that ERRCO has onsite to crush the material is equipped with 
a magnet that will collect any steel reinforcement that was contained in the 
concrete. The product created from crushing has a gradation equivalent to 3 inch 
minus. This product is primarily used for a medium grade fill and in roadway 
applications where a high quality base material is not needed (Sarno, 2010). 
Work has been done on determining if concrete within C&D debris can be 
used for quality base in roadway designs. In 2000, the New Jersey Department 
of Transportation funded a project to look at the resilient modulus of recycled 
concrete aggregate (RCA) compared to the resilient modulus of natural high 
quality aggregate (Bennert et al. 2000). It should be noted that RCA is developed 
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exclusively from the demolition of highways constructed with concrete as the 
wearing surface. This material is different from the BDA used in this research 
because RCA lacks the stone, brick and low grade concrete found in BDA. 
The New Jersey Department of Transportation analyzed the resilient 
modulus of the materials. Table 2.4 shows the results from this study. 
Table 2.4 Resilient Modulus (MR) Results on Natural and Recycled Concrete 





MR at Bulk Stress of 
144.7 kPa 
MR at Bulk Stress of 
344.7 kPa 
116.1 (MPa) 179.5 (MPa) 
251.8 (MPa) 375.9 (MPa) 
The study concluded that 100 percent RCA sample obtained a higher 
resilient modulus value than the natural base material. The increase was 
approximately 47% higher at both bulk stresses. The study also concluded that 
"the use of construction and demolition debris in the base and subbase layers of 
the pavement system can be a viable and cost-effective material for pavement 
designs" (Bennert, et al. 2000, p. 38). 
There are, however, drawbacks from using BDA. First, due to the nature 
of C&D debris, BDA created from C&D can have a variety of properties. Within a 
single stockpile, the quality of BDA may range from poor to excellent. 
Fortunately, the increased interest in using BDA and RCA from C&D debris has 
lead to further developments in float tank technology and other technologies that 
reduce the amount of poor or unwanted materials in the BDA. 
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Another drawback to using BDA from C&D debris is that it may contain 
materials that have negative environmental impacts. One material in C&D debris 
is drywall or gypsum. As gypsum breaks down over time, it produces hydrogen 
sulfide gas (Massachusetts Department of Environmental Protection, 2007). 
Proper removal of drywall is vital to using BDA successfully as a base material. 
Another drawback of using BDA from C&D debris is that by breaking down or 
crushing the BDA exposes concrete fines to surface and groundwater. The fines 
within the water have the potential to raise the water's pH levels due to high 
concentrations of hydroxyl ions (OH-) in water exposed to the fines (Gonzalez 
and Moo-Young, 2004). 
Although BDA is not currently the primary material used in base and 
subbase applications, it has potential to be used more frequently. The primary 
issue blocking the implementation of the use of BDA is that states do not properly 
understand its material properties. Once the material properties of BDA are 
better understood, the use of it as a primary base/subbase aggregate may 
drastically increase. The cost benefits for using the material could make 
contractors prefer its use over natural aggregates. 
2.3 Material Stiffness 
In general, a material that is deemed stiff is rigid, and large stresses 
produce only small deformations. Material stiffness is a direct result of the 
response by that material under different stresses. To determine a materials 
stiffness is relatively simple. The material is loaded by increasing stresses. Then 
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the deformation response to those stresses is measured. This produces a stress 
strain curve. Figure 2.2 depicts a generalized stress - strain curve. 
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Figure 2.2 Common Stress Strain Curve 
The curve, in Figure 2.2, shows where the material starts to yield (oys and 
cyp), the peak strength (outs andeu) and then where the material fails {ef). By 
determining the yield point of the material, the materials elasticity (straight portion 
of the curve) and plasticity (curved portion of the curve) can be found. 
If all materials behaved in a manner that produced a curve, such as shown 
in Figure 2.2, determining a materials stiffness or elasticity would be relatively 
simple. However, in the case of soils, the curve becomes much more 
complicated. Since soils are relatively non linear, the straight line portion of the 
curve becomes very small and there is no defined yield point on the curve, such 









Figure 2.3 Common Stress Strain Curve for Soil 
The typical method to determine soil stiffness from this curve is to 
determine the tangent modulus or secant modulus, shown in Figure 2.4. To 
determine the tangent modulus, a point along the curve is chosen and a tangent 
line is drawn to the curve at that point. The slope of this line is the soils modulus 
at that particular point. The secant modulus is an average modulus. A straight 
line is drawn between two points. The slope of this line is the secant modulus. 
Figure 2.4. Tangent and Secant Modulus Example 
The most common points chosen to determine the secant modulus are 
near the beginning of the curve when the strains are small and the curve is 
relatively steep. 
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2.3.1 Triaxial Test. 
The most common way to test soil to produce a stress strain curve is to 
conduct a triaxial test. This test is very common and can be done on a wide 
variety of soil types under a broad range of stresses. A sample or specimen is 
built using standardized compaction techniques in a mold lined with a rubber 
membrane. The mold is removed after compaction. A chamber is then placed 
around the specimen so that a stress can be applied to the specimen. Strain 
gauges and other instruments are placed upon the sample or within the chamber 
to measure strains developed within the sample. The specimen is then subjected 
to three normal stresses a i , o2, and o~3, as shown in Figure 2.5. 
Figure 2.5 Generic Triaxial Stress Configuration 
In a standard triaxial test a2and a3are equal and called the confining 
stress, oc, because the sample is a cylinder. The stress a* is made from two 
stresses, one is equal to oc and the other is the deviator stress or od, (aj =o<j + 
Oc). 
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2.3.2 Deviator Stress 
In terms of road design, the deviator stress represents a traffic load acting 
on the soil specimen while ac represents the in situ stresses confining the 
specimen. The deviator stress may represent any increase in axial loading that 
the specimen may be exposed to, such as a building, embankment or roadway. 
Since vehicles are usually moving, vehicle loads change with time, causing ad to 
vary with time. This creates a dynamic load pulse, which is felt by the specimen, 
shown in Figure 2.6. 
Figure 2.6 Triaxial Dynamic Load Pulse 
2.3.3 Resilient Strain 
The deviator stress creates strains within the sample. Dynamic deviatoric 
loading caused by traffic loading will compress the specimen in what is 
considered positive deformation. This positive deformation can be broken into 
two categories, permanent deformation and resilient deformation or resilient 
strain, as shown in Figure 2.7. 
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Figure 2.7 Deviator Stress and Resilient Strain Example 
Permanent deformation is deformation that cannot be recovered when the 
deviator stress is reduced. Resilient strain is the strain that may be recovered 
when the deviator stressed is reduced, as long as the deviator stress does not 
deform the specimen past failure or its peak stress. The resilient strain and 
corresponding deviatoric stress can then be used to determine a type of stiffness 
called the resilient modulus. 
2.4 Resilient Modulus Triaxial Test 
During studies conducted in the 1970s and 1980s, researchers deduced 
that pavements do not fail due to strength failure but to fatigue failure such as 
rutting and cracking. Later, in 1993, the AASHTO Pavement Design Guide 
recommended to use the soil parameter known as the Resilient Modulus (MR) 
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(Puppala, 2008). This seemed to be a simple assumption with a relatively easy 
solution. Pavement designers only needed to know the resilient modulus. 
However, in the decades since, determining the resilient modulus proved to be a 
more difficult task than anticipated. 
Like all moduli, the resilient modulus is a measure of stress versus strain. 
"It is used analogous with elastic modulus used in elastic theories and is defined 
as a ratio of deviatoric stress to resilient or elastic strain experienced by the 
material under repeated loading conditions that simulate traffic loading" (Puppala, 
2008).The resilient modulus can be determined by a variety of methods. It can be 
directly calculated by performing a resilient modulus triaxial (RMT) test or it can 
be calculated indirectly by using other methods from which the materials true 
resilient modulus can be determined. 
The most direct method, the RMT test, is also assumed to be the most 
accurate method for determining MR. The test was specially developed for 
roadway design and was developed to simulate traffic loading. First, the 
specimen is subjected to a series of 500-1000 haversine deviatoric stresses to 
seat the loading platen and eliminate non-test related permanent deformation. 
Then the test simulates traffic loading by applying haversine deviatoric stresses 
to the sample for 0.1 second, followed by a rest period of 0.9 seconds. The rest 
period gives the specimen time to rebound or produce a resilient strain. This ratio 
of deviatoric stress to resilient strain, Equation 2.1, is the resilient modulus (MR). 
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MR = — (Equation 2.1) 
MR = resilient modulus (force per unit area) 
ad = Deviatoric Stress (force per unit area) 
6r = Resilient Strain (unitless) 
2.4.1 History of Test 
Various standardized procedures for the resilient modulus triaxial test 
have been in use for over 25 years. The first procedure was the AASHTO T-274 
(1982), which was very primitive. It gave poor results due to improper strain 
measurement placement and stresses that were too high, ultimately leading to 
sample failure (Puppala, 2008). Over the next two decades three procedures 
were produced: AASHTO T-292 (1991), AASHTO T-294 (1992), and the 
Strategic Highway Research Program P-46 (1996) (Puppala, 2008). The two 
major differences between these procedures and T-274 is that over time the 
stresses were reduced to prevent specimen failure and the strain measurement 
devices were setup in a manner that gave more accurate results. None of the 
methods stood out as a favorite among users. They were only used for research 
by individuals trying to properly determine a materials resilient modulus. These 
methods were also very problematic when trying to test noncohesive materials 
versus cohesive materials. 
In the late 1990s, AASHTO created the T-307 (1999) standardized 
procedure. The T-307 procedure took into account the good and poor outcomes 
of the other procedures. The T-307 procedure recommends the use of external 
linear variable differential transducers (LVDTs) outside of the testing chamber. 
The procedure also presented methods for compacting and testing both cohesive 
and noncohesive materials (Puppala, 2008). 
2.4.2 AASHTO T-307 
The AASHTO T-307 (1999) procedure was created to address these 
issues so that DOTs had a procedure that they could follow for any material used 
in their roadway design. AASHTO T-307 has grown to become the most 
accepted procedure by DOTs and is the primary method for determining MR. 
Subsequent procedures, such as the NCHRP 1-28 A: Harmonized Method 
(2004), are based on the breakthrough in resilient modulus testing using the T-
307 procedure. 
The AASHTO T-307 procedure is conducted in a traditional triaxial cell 
that is capable of repeated haversine loading. Table 2.5 lists the equipment 
specifications for the T-307 procedure. The load frame housing the triaxial cell 
must be able to withstand loads in excess of 10,000 pounds and be large enough 
to house a 6 inch diameter by 15 inch tall specimen. The confining fluid in the cell 
may be either water or air depending on the confining pressure needed within the 
cell. In order to run MR tests on both subgrades and bases, the setup must be 
able to test both drained and undrained specimens. Linear variable differential 
transducers (LVDTs) used in the system must be able to measure deflections of 
+/- 0.125 inches with an accuracy of 0.0001 inch. 
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Load Cell Location 
Deformation Measurement 
Confining Fluid 
Load Pulse Shape 
Load Duration 
Cycle Duration (Load Duration 
plus Rest Duration) 
Data Points per Cycle 




Hydraulic / Pneumatic 
Closed Loop 
External 
External LVDT (2) 
Air or Water 
Haversine 
0.1 seconds 
1.0 to 3.0 seconds 
200 
2:1 
Static / Vibratory / Kneading 
500 to 1000 cycles 
AASHTO T-307, even being standardized, is a complicated test to conduct 
and can take a large amount of time to master. Once a sample is properly 
compacted in the loadframe and the confining cell is in place around the sample, 
the test may begin. 
The first part of the test places a confining pressure on the specimen. The 
cell is filled with air or water to a desired pressure. This applies the 02, and o3 
stresses on the sample. Then the operator applies the seating pressure, or ad, on 
the sample to seat the platen. At this point in time the sample should not be 
deforming and should be experiencing stresses similar to what the sample would 
experience in situ. 
Then, the testing sequence begins. This testing cycle is composed of 500 
load pulses that apply stresses to the sample that simulate traffic loading. Each 
load pulse is for a duration of 0.1 second with a 0.9 second rest period. The 
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primary purpose of this cycle is to seat the platens, eliminating deformation due 
to misalignment. 
Next, the test starts a series of 15 testing cycles, shown in Table 2.6 and 
2.7, each composed of 100 load pulses. The test starts with a low deviatoric load 
and confining pressure in the first cycle and continues to increase both until 
maximum deviatoric load and confining pressure are reach in the 15th cycle. The 
deviatoric stress and confining pressure is consistent throughout each cycle of 
100 load pulses. Each load pulse lasts 0.1 seconds and has a 0.9 second rest 
period. The purpose of the first 95 load pulses is to condition the specimen to the 
specified stresses so the resilient modulus can be properly measured. During the 
final 5 load pulses of each cycle it is assumed that most plastic deformation is 
removed and the sample is mostly experiencing elastic deformation. These last 5 
cycles are used to measure the deviatoric stress and resilient strain to calculate 
the MR for that particular deviatoric stress and confining pressure. The deviatoric 
stresses and confining pressures used in T-307 are different if the operator is 
testing subgrade versus base/subbase materials. 
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Due to the complexity of the test, complications arise frequently. The 
primary problem of the test is the repeatability. An operator may run a series of 
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tests on the same material only to find that the results are scattered and follow no 
trend. This is primarily due to complexity and intricacies within the testing 
system. For instance the membrane surrounding the specimen may have holes 
in it, the LVDTs may not be properly adjusted, the load cell may be out of 
calibration, the confining fluid may be leaking from the cell, the servos controlling 
the loads and cell pressures may not be working properly or the material itself 
may be at an incorrect water content and density. 
Complications also occur when trying to properly load and unload the 
specimen. Most soils, especially subgrades, are fairly unpredictable when being 
loaded repeatedly and strains induced upon the specimen may be in excess of 
the T-307 procedure parameters, which leads to premature specimen failure. To 
prevent this, most systems run T-307 automatically and allow the user to adjust 
the stresses experienced by the specimen to ensure proper loading is conducted. 
This system feature is called the peak, intensity, and duration (PID) control. 
Even with this feature, the operator must monitor the system closely to prevent 
these stresses. 
To properly determine the resilient strain, LVDT readings must be made 
accurately. If the LVDTs are out of calibration, inaccurate strains will be 
measured resulting in an inaccurate MR. To prevent this, T-307 takes an average 
of the two LVDTs used and uses that average to calculate the MR. According to 
the procedure, this average or ratio (Rv) must be between 1 and 1.3. If this Rv 
value exceeds 1.3 then the LVDTs are not in sync with one another and the test 
results are inaccurate. Because of the variety of materials tested and LVDT 
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limitations in measurement, a very stiff sample may have a Rv value larger than 
1.3 when low stresses are applied leading to inaccurate results. 
There are also issues when preparing the material for the RMT test. If the 
operator is running a test on a granular base that contains aggregate with a 
diameter larger than 1/5 of the mold diameter, the material must be modified. 
According to T-307, the largest mold that can be used is a 6 inch or 150 
millimeter diameter. This is the largest practical mold to use because larger sizes 
exponentially increase the cost of running the test. Therefore, if a base such as a 
2 inch minus material is to be tested, it must first be modified. According to T-
307, the material must be scalped of all material with a diameter larger than 1/5 
of the T-307 mold diameter. This is a problem because the measured resilient 
modulus of this modified material not the same as the resilient modulus of the 
original material. 
This problem also arises when comparing the MR of different size crushed 
stone from the same source or quarry. Many DOTs obtain different size stone for 
base layers from the same quarry, which is from the same crushers. This creates 
a very similar material with similar gradations except for the maximum stone size. 
For example a 2 inch minus crushed stone is the 2 inch minus portion of a 6 inch 
minus crushed stone. Therefore, if that DOT wants to run a resilient modulus 
test, both materials are modified in the same manner. This produces the same 
MR results for the two materials even though the 6 inch minus material is greatly 
stronger than the 2 inch minus material and presumably has a higher MR. 
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These problems with the resilient modulus triaxial test have deterred many 
DOTs from using the test to determine the resilient modulus of a material. The 
financial cost the system may exceed 100,000 dollars and can take a significant 
amount of time to setup and to train a technician to operate the RMT test. Below 
is a quote from the Wyoming DOT on problems they have seen while conducting 
resilient modulus tests. 
The AASHTO T-307 procedure could use some attention. We have a 
test device used in a research capacity only and have found that the 
equipment specified in the procedure is very difficult to acquire; in fact, 
we have resorted to custom fabrication. Furthermore, detailed 
guidelines on interpreting the data and a precision and bias study 
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This has led to many DOTs using different methods for determining MR. 
Figure 2.8 shows methods that are currently in use. There are many methods 
that are currently used, some correlating to MR more accurately than others. Both 
laboratory and field methods exist. Currently, it is up to each DOT to choose a 
method to determine MR for their pavement designs. 
2.5 California Bearing Ratio 
The California Bearing Ratio or CBR is widely used to determine the 
bearing capacity of a particular soil or aggregate. It is repeatable and because it 
is used frequently, there is a large database of results for a wide range of 
materials. Its primary use has been in the design of roadways and airports 
through the second half of the 20th century. The test yields a ratio of the strength 
of tested material compared to an established value from a standardized crushed 
stone. For example, if a soft subgrade such as clayey sand is tested, a CBR 
value of 5 - 10 might be obtained. However, if an excellent base coarse material 
is tested, a CBR value of 100 or higher may be obtained. 
2.5.1 History of CBR Test 
The California Bearing Ratio test was developed prior to World War II by 
the California Division of Highways for the design of flexible pavements. The use 
of the test grew quickly during the war because it was used by the Army Corps of 
Engineers when designing the pavement thicknesses of airports and roadways 
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(Wright and Dixon, 2004). The CBR test was used greatly during the design and 
construction of the National Interstate System. 
2.5.2 Current Practices and Uses 
The California Bearing Ratio test is a relatively easy and simple test to 
conduct. For this reason, DOTs throughout the country still use the test routinely 
in their designs. The test can be conducted either in the field or in the laboratory. 
When the test is conducted in the laboratory the material being tested is created 
to simulate in situ conditions. During this research, only laboratory CBR testing 
was conducted. 
2.5.3 Testing Standards 
The CBR test is standardized by both AASHTO T 193-99 and ASTM D 
1883-99. Both standards generally follow the same procedures and can be used 
interchangeably. The CBR test starts by compacting a specimen, using the same 
technique used in the field, in a steel mold of standardized dimensions to the 
same density and moisture content of the in situ material. After the material is 
compacted a surcharge of 10 pounds is placed on the material and the mold is 
placed in a soaking tank for 96 hours. This soaking time will allow any swelling to 
occur. At the completion of the 96 hours, the material is removed from the tank 
and placed into a loadframe where a piston of three square inches is forced into 
the material at a rate of 0.05 inches per minute. The penetration by the piston 
continues for a period of 10 minutes. Once the data from this test is collected, it 
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is graphed and the curve is checked to see if correction is needed. The curve is 
corrected by extending the straight line portion of the curve until it intersects the 
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Figure 2.9 Correction of CBR Curves (ASTM, 1999). 
Next, the corrected curve is adjusted, to make the x-axis intersect with the 
graph's origin, point (0,0). Using the new corrected graph, the stress that 
occurred at penetration of 0.1 inches and 0.2 inches is obtained. These stresses 
are compared to a standardized stress that occurs when a CBR test is run on 
standardized crushed stone. 
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<7i(atAy= 0.1 Corrected) 
CBR = —
 nnn, .. x 100 (Equation 2.2) 1000(psi) v M ' 
a±(atAv= 0.2 Corrected) 
CBR = — \r.nn,—T x 100 (Equation 2.3) 
1500(psi) v M ' 
CBR = California Bearing Ratio (%) 
ax = Principal Stress (psi) 
Av= Vertical Deformation (inches) 
The ratios of the results in Equation 2.2 and 2.4 compared to the 
standardized stresses yield the California Bearing Ratio. AASHTO and ASTM 
recommend that the ratio at 0.1 inch deformation be used. However, if after 
repeated testing it is determined that the ratio at 0.2 inch is larger for the tested 
material, than ratios at 0.2 inch should be used to determine the CBR, for that 
particular material. 
2.5.4 Current Correlations to AASHTO T-307 
The first correlation from CBR to resilient modulus was presented by 
Heukelom and Klomp in 1962 and was recommended by several AASHTO 
design guides. This correlation, shown in Equation 2.4, gives reasonable 
estimates for resilient modulus for fine grained soils. The correlation works best 
when the CBR value is less than 10 (Puppala, 2008). 
MR(psi) = 1500 x CBR (Equation 2.4) 
Throughout the 1980's a number of other correlations were created to better 
correlate CBR to MR and the popularity of the use of MR rose due to the 
increasing use of AASHTO pavement design guides. Equation 2.5 and 2.6 are 
some of the current correlations: 
MR(psi) = 2554 x CBR064 (Powell et al. 1984) (Equation 2.5) 
MR(MPd) = 10.3 x CBR (Asphalt Institute 1982) (Equation 2.6) 
Data collected during the use of the 1993 AASHTO design guide has determined 
that the correlation proposed by Powell et al. (1984) is the most applicable. Some 
DOTs use other correlations, but all correlations are based on one of the three 
presented equations. 
2.5.5 Problems with CBR Models 
As previously stated, the correlation proposed by Heukelom and Klomp in 
1962 is only recommended for the use of CBR values less than 10. A CBR value 
of 10 corresponds to soft materials such as silty sand with poor compaction. A 
silty sand would never be used as a base or subbase. This demonstrates the fact 
that most of these correlations were made for subgrade materials, not for bases 
or subbases. 
An example of how the Powell et al. 1984 model poorly predicts MR for 
base material CBR values is shown in Figure 2.10. Mr. Mark DeRocchi used this 
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Figure 2.10. CBR Prediction of Resilient Modulus Results (DeRocchi, 2008) 
Why not create a correlation that works well for granular materials such as 
bases or subbases? According to AASHTO T-193 section 1.3, "Past practice has 
shown that CBR results for those materials having substantial percentages of 
particles retained on the 4.75 mm (No. 4) sieve are more variable than for finer 
materials. Consequently, more trials may be required for those materials to 
establish a reliable CBR." This shows that performing a CBR on granular 
materials may lead to poor results. How can a reliable correlation be made when 
it is difficult to get accurate results? 
Another problem with the CBR test, which prevents it from being reliably 
correlated to MR, is that granular materials with particles larger than the % inch 
sieve are modified so that all the materials tested pass the % inch sieve. In 
section 5.1.1, AASHTO T-193 states, "If there is material retained on the 19.0mm 
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(% in) sieve, the material retained on the 19.0 mm sieve shall be removed and 
replaced by an equal amount of material passing the 19.0 mm sieve and retained 
on the 4.75 mm (No. 4) sieve obtained by separation from portions of the sample 
not otherwise used for testing." The specification states that although the 
procedure for modifying the material is not ideal due to the strength differences 
between the original material and modified material, experience has shown that 
the results are acceptable. The results are acceptable because when 
engineering a roadway and using CBR results, any result near or over 100 is 
determined to be an excellent material. Therefore, even if modifying a material 
changes the result from 150 to 90 it still represents an excellent material. 
However, a CBR result can be 100 or it can range as high as 300. The question 
then becomes how to properly use a CBR value when trying to correlate it to 
resilient modulus. 
2.6 Light Weight Falling Deflectometer 
There are a number of ways materials are tested in situ and then 
correlated to MR. The methods fall into two categories; intrusive testing and non-
intrusive testing. The preferred method is non-intrusive testing. By implementing 
non-intrusive methods, the material is not disturbed thus making it more efficient 
when construction is taking place. Furthermore, the results are truly from in situ 
material. The two primary instruments for nonintrusive testing are the falling 
weight deflectometer (FWD) and the light weight falling deflectometer (LWD), 
shown in Figure 2.11. 
Figure 2.11 Zorn 2000 Light Weight Falling Deflectometer 
This research used two LWDs for field testing and laboratory testing to 
determine the stiffness of material in situ. 
2.6.1 History of Light Weight Falling Deflectometer 
The LWD was developed in Europe to determine the elastic modulus of 
material in situ as a quality control tool, much like most DOTs in the United 
States, use the nuclear density gauge to determine material properties in situ. 
The LWD is also a tool that can be used to determine properties that are more 
applicable to pavement design. As the popularity of the LWD continues to rise 
around the world, DOTs in the U.S. are developing a growing interest in the 
instrument and how it can improve roadway design. 
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2.6.2 Current LWD Practices and Uses 
DOTs throughout the United States are developing methods for 
determining the resilient modulus of the layers within their flexible pavement 
systems. LWDs are very easy to operate and results are obtained in the field in 
less than three minutes. It calculates the dynamic elastic modulus (Evci) of a 
material by dropping a weight from a known height onto a plate, placed on the 
material, and measuring the deformation of that plate caused by the weight 
hitting the plate. Dynamic elastic modulus is calculated using elastic half-space 
theory. The equation derived from this theory is solved by knowing the plate 
contact stresses, the plate deflection and making a stress distribution assumption 
(Vennapusa and White, 2008). 
The dynamic elastic modulus is given by: 
(1 — v2)aa 
EVD = -1— x / (Equation 2.7) 
a 
EVD = Dynamic Elastic Modulus (MPa) 
d = measured settlement (mm) 
v = Poisson s Ratio 
a = applied stress (MPa) 
a = radius of the plate (mm) 
/ = shape factor depending on the stress distribution 
When using a LWD, assumptions can be made to the half-space theory 
equation that can simplify it making it more applicable and useful. The 
simplifications are in assuming a shape factor for the stress distribution, 
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Poisson's Ratio and a constant weight and drop height. Some LWDs allow the 
operator to manually select each variable, while some LWDs come 
preprogrammed from the factory with set values. Most LWDs that do not allow for 
users to select a shape factor or Poisson's Ratio usually use values of 2 and 0.5 
respectively (Zorn Instruments, 2007). When this occurs, the equation can be 
simplified, as shown in Equation 2.8. 
Ao-
ELWD = 1.5r— (Equation 2.8) As 
ELWD = Elastic Modulus determined using a LWD (MPa) 
r = radius of plate (mm) 
Acr = stress below the plate (MPa) 
As = settlement (mm) 
If the operator is using a device that contains preset, manufacturer defined 
shape factor, Poisson's Ratio, drop height and drop weight, there is only one 
variable left for the operator to define. This last variable is the plate diameter and 
the size. These can be changed in the data acquisition system used with the 
instrument. The plates come in sizes ranging from 300 mm diameter to 50 mm 
diameter. The most popular plates are usually 300 mm diameter or 200 mm 
diameter. The theory behind the plate sizes is that the larger plates should be 
used on softer materials such as unbound bases and smaller plates should be 
used on harder materials such as pavement or bases mixed with cement. By 
using the larger plate, the chance for excessive deflection and bearing capacity 
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Figure 2.12 Diagram of LWD, (Vennapusa and White, 2008) 
The LWD instrument is usually portable and can be run by one technician. 
A diagram of an LWD is shown in Figure 2.12. The instrument itself is composed 
of a plate (usually 300 mm in diameter), a guide rod for the falling weight, a 
weight (usually 10 kg) and an internal device to capture the response of the 
weight falling on the plate. 
The internal device is what primarily differentiates the LWDs currently in 
use. The two common internal devices are either an accelerometer or a 
geophone. When a LWD uses an accelerometer to capture the deformation of 
the soil, it is usually placed directly on top of the plate. The placement allows the 
accelerometer to capture the entire movement of the plate. This may lead to 
higher deflections than when the soil is tested with a LWD equipped with a 
geophone. When a geophone is used it is usually mounted on the LWD through 
a hole in the plate and is in direct contact with the material being tested. This is to 
ensure the geophone can accurately measure the dynamic response of the 
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material under the plate when the weight is dropped on the plate. The location of 
the geophone may lead to lower deflection measurements. "Differences in type 
and location of sensors used in the LWD devices lead to variations in elastic 
modulus. LWD devices that use accelerometers that measure deflection of the 
plate are expected to measure larger deflections compared to devices that 
measure deflections on the ground with a geophone" (White, Thompson and 
Vennapusa, 2007, p. 235). 
The data acquisition system has three primary components. The first is 
the accelerometer or geophone, which captures the response. The second is an 
internal or external device, which stores the information. Third is a software 
package for a PC that allows the operator to upload the saved data from the 
device and configure the data for reports or research. 
2.6.3 Testing Standards 
Each manufacturer has an operator's manual that is supplied when the 
LWD device is purchased. With the increasing LWD use in the U.S., standards 
have been developed to ensure tests are conducted in a reproducible manner. 
The standard set by ASTM is E 2583-07 Standard Test Method for Measuring 
Deflections with a Light Weight Deflectometer. The specification states that the 
LWD is used primarily for testing unbound pavement layers to determine material 
stiffness or elastic modulus (ASTM, 2007). When the standard was written, the 
LWDs primarily used in the U.S. were the type that used a geophone to capture 
the deflections of the LWD. The specification goes on to state that the difference 
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between modulus captured from an LWD with an accelerometer is approximately 
0.5 to 0.75 less than the modulus captured using an LWD with a geophone 
(ASTM, 2007). Due to this difference ASTM is currently developing a standard 
for the use of an LWD equipped with an accelerometer. 
Several methods are under development that would allow AASHTO to use 
the LWD in pavement design. At this time, however, there is no AASHTO 
standard for using the LWD to estimate the modulus in pavement layers. 
2.6.4 Current Correlations to AASHTO T-307 
A majority of the recent research involving the LWD has correlated it to 
various in situ testing methods, which also determine a modulus, such as the 
FWD. However, few studies have researched the correlations from LWD 
modulus (ELWD) to resilient modulus. "To date, very limited literature is available 
showing correlations between LWD modulus and laboratory Resilient Modulus" 
(White et al., 2007 p. 218). The White et al. 2007 study compared results 
obtained by the use of LWD and the resilient modulus triaxial test. In addition to 
analyzing the results from these tests, the study also presented a comparison of 
ELWD results to secant modulus results from RMT tests. In Figures 2.13 and 2.14 
the comparisons can be seen. It should be noted that the Zorn LWD is equipped 
with an accelerometer for measuring displacement and the Keros LWD is 
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Figure 2.13 Zorn 2000 (200 mm plate) Dynamic Modulus Compared to Resilient 
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Figure 2.14 Keros Prima 100 (200 mm plate) Dynamic Modulus Compared to 
Resilient Modulus (White, et. al, 2007). 
The findings from the comparison of LWD results and resilient modulus 
results are a linear relationship between ELWD and laboratory MR observed at a 
selected stress condition (deviator stress = 68.9 kPa and confining pressure = 
41.4 kPa) with a strong correlation, R2 values ranging from 0.85 to 0.97. The 
comparison of ELWD results and resilient modulus results are also a linear 
relationship between ELWD and estimated secant modulus observed at a selected 
stress condition (deviator stress = 68.9 kPa and confining pressure = 41.4 kPa) 
with a strong correlation, R2 values ranging from 0.75 to 0.88 (White et al., 2007 
p. 326). 
In 2008, researchers at the Louisiana Transportation Research Center 
correlated ELWD results to resilient modulus using granular noncohesive 
materials. Regression analysis was performed on the ELWD and MR results and 
the result was used in predicting the results of MR from ELWD results (Mohammad, 
et al. 2008). It should be noted, however, that the model, equation 2.9, was 
created from a limited data set. 
MR = 18.69Elwd021 (Equation 2.9) 
MR - resilient modulus (ksi) 
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Figure 2.15 Predictions From LWD Model (Mohammad et al. 2008). 
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Table 2.8 Ranges of Variables for Granular Base Materials Used to Develop 
LWD to MR Model, (Mohammad et al.2008). 








P200 or P0.075 





resilient modulus in 
ksi 
Measured LWD 





Dry unit weight (pcf) 
Water content (%) 
Range 
20.8 - 43.3 
1.8-20.1 
0 .2 -13 
5 0 - 9 9 
99.6-134 
2 -13 .3 
The data from this model showed fairly good correlation. A summary of 
the granular materials used for the model are shown in Table 2.8. The granular 
materials used for this research primarily consisted of sand, which is indicated by 
a maximum of only 50 percent retained on the number four sieve. 
2.6.5 Problems with LWD Correlations 
Although the LWD calculates a modulus, it is the elastic modulus rather 
than the resilient modulus of the soil. Different theories are utilized. Therefore, 
the results for the moduli differ. This highlights the importance of establishing 
consistent correlation techniques. Unfortunately, as stated previously, there has 
been very little research done on this topic. At least half of the research has been 
on cohesive subgrade materials for determining resilient modulus of subgrade 
materials. If correlations are not set for ELWD verses MR, then standards need to 
be established to determine which moduli are acceptable when using a LWD. 
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2.7 Summary 
Over the past 100 years, pavement design has grown from designing 
roadways based on experience to designing roadways using state of the art 
laboratory and computer modeling techniques. Engineers are developing 
laboratory and field techniques that can instantaneously measure the materials 
properties to be used in the models. However, the relationships between these 
different techniques need to be better understood, so determinations can be 
made as to what techniques are applicable for an engineer's specific needs. 
As roadway cost and environmental impacts rise, engineers are 
developing ways to cut those impacts by increasing the use of recycled materials 
in their roadways. However, the use of recycled materials, such as BDA, is in its 
infancy and their material properties need to be better understood in order for 
such materials to be appropriately used in roadway engineering. 
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CHAPTER 3 
MATERIALS AND METHODS 
3.1 Introduction 
The materials and methods used in this research were selected to 
simulate the materials and methods that would be selected by any state DOT. 
For example, all tests were conducted following established AASHTO standards 
and all material was either obtained from NHDOT or created to replicate DOT 
material assembly. 
3.2 NHDOT Spauldinq Turnpike Expansion 
Currently, NHDOT is rehabilitating and constructing new lanes on New 
Hampshire Route 16 between Exits 11 and 16 in Rochester, New Hampshire. As 
a part of this project, two new southbound lanes will be constructed between Exit 
12 and 13. Within this stretch of Route 16, a location was chosen where a full 
profile of a flexible pavement layer system will be constructed (see Figure 3.1). 
This particular location, south of Axe Handle Brook, was chosen by Dr. Jo Sias 
Daniel and her graduate student Matthew Steele for their instrumentation 
installation. Their instruments include pressure plates, strain gauges, axle 
sensing strips, thermometers and a weather station. The instrumentation will help 
the NHDOT to properly calibrate the MEPDG to suit their designs using local 
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materials and environmental effects. Because of the location's convenience, it 
was also used in this research for field LWD testing. 
Figure 3.1 NHDOT Spaulding Turnpike Project, NHDOT, 2008 
3.2.1 NHDOT Base/Subbase Materials for Spauldinq Turnpike Project 
The roadway was built on the existing subgrade using two feet of bank run 
sand from Farmington, NH as the subbase, with one foot of coarse gravel placed 
on top of the sand. An additional foot of fine gravel was placed on top of the 
coarse gravel. The gravels were processed on site using existing bedrock that 
was blasted for the new roadway. These materials make up the unbound layers 
of the flexible payment system shown in Figure 3.2. 
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Asphalt Pavement 
1ft - 2in Minus Crushed Stone 
Base 
1ft - 6in Minus Crushed Stone 
Base 
2ft-Bank Run Sand 
Subbase 
Figure 3.2 NHDOT Flexible Pavement Design for Route 16 Project 
NHDOT requires the contractor to meet many standards for road and 
bridge construction. The manual "Standard Specification for Road and Bridge 
Construction" was last updated in July 2006 and is meant to assist a contractor 
when bidding or constructing to meet the NHDOTs requirements for a particular 
final product. The section of interest in this research was Division 300 - Base 
Coarses. This division included the specifications needed when base coarses 
were used in construction or, as for this project, the natural base/subbase 
materials that were used in Route 16 (New Hampshire Department of 
Transportation, 2006). 
The state of New Hampshire DOT hired an outside testing firm to conduct 
materials testing and to oversee quality control of the Route 16 construction. As 
a part of the material testing conducted for the project, the firm performed sieve 
analyses and gradation tests to verify that the material meets NHDOTs 
requirements for base/subbase materials. Table 3.1 is from the Standard 
Specification for Road and Bridge Construction manual and was used by the firm 
to classify materials. 
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3.2.1.1 NHDOT Item 304.1 Sand. The first material tested as part of this 
research was a common bank run sand. This material was primarily composed of 
material that passes the number four sieve and had a relatively low amount of 
fines (< 4% passing the number 200 sieve). Bank run sand, which was deposited 
during the last ice age, is common along river banks throughout the state of New 
Hampshire. The contractor for the Route 16 project obtained the material in 
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Farmington, NH from a sand and gravel pit owned by Aggregate Industries. The 
contractor and testing firm decided the material met the state's quality 
specifications and the material was not processed prior to being placed as the 
subbase. 
The pit where the material was obtained is mostly shut down and is no 
longer used by Aggregate Industries as a working site. Because only the 
contractor was in the pit obtaining material for the road, all the material for testing 
was easily obtainable and donated to UNH. The material was stored in sealed 
five gallon buckets in the laboratory until testing was conducted. 
The testing firm for the DOT conducted gradation testing using standard 8 
inch round sieves. Testing of the material was done prior to placement of the 
material in the roadway. The following test was done on May 4, 2009. 
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Figure 3.3 Gradation Curve on NHDOT Bank Run Sand (NHDOT, 2009). 
According Figure 3.3, the material that was used as the subbase material, 
specified to be 304.1, is well within the specification in table 3.1. The material 
was classified as SW using the United Soil Classification System (USCS). 
The testing consultant also conducted a Proctor Test on the sand to 
determine the standard density. According to section 3.7 Density Testing of the 
NHDOT Specification manual, density must be determined in accordance with 
AASHTO T 99 (Standard Proctor Test) or a control strip. The standard Proctor 
test was completed on this material on May 4, 2009. The Proctor curve from the 
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Figure 3.4 NHDOT Bank Run Sand Moisture Density Curve (NHDOT, 2009). 
The testing firm determined that the maximum dry density of the material 
was 114.8 lbs/ft3 and the optimum moisture content was 13.1 %. 
The material was placed at the testing location on June 17, 2009. It was 
placed in accordance with the NHDOT specifications and NHDOT designs. The 
primary method implemented by the contractor to place the material was to dump 
the material and then use a grader to level off the lifts to the designated 
thickness. Compaction was primarily achieved using single drum vibratory rollers. 
The final thickness of the layer was 2 feet. After completing placement of the 
material, it was tested using a nuclear density gauge. According to section 3.7 of 
the NHDOT manual, the material may be tested for density using a nuclear 
density gauge using AASHTO T 238 procedure. The density of the material must 
be at least 95 percent of the standard Proctor results using AASHTO T 99 or a 
control strip. Three tests were conducted on this material in the field testing 
location on Route 16. Table 3.3 shows these results. 
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These results determined that the material was compacted to a proper 
density that was in accordance with NHDOT specifications. 
3.2.1.2 NHDOT Item 304.4 Crushed Stone (Fine).Jhe base material used 
in the construction of Route 16 was crushed stone. Part of the construction of the 
new section of Route 16 included the removal of bedrock for the roadway. To 
keep construction cost low, the contractor determined that the bedrock was of a 
sufficient quality to be used as base material in the roadway. This igneous stone 
is primarily a Biotite Tonalite (Lyons, Bothner, Moench, & Thompson, 1997). This 
eliminated the need for trucking in quality aggregate from an offsite quarry. The 
contractor used onsite rock crushers and screeners to create a material to meet 
the NHDOT specifications for base and subbase material. 
For base material, the NHDOT design called for using a material to meet 
the NHDOT specification of item 304.4 (crushed stone fine) from Table 3.1. For 
secondary base material, the NHDOT design called for using a material to meet 
the NHDOT specification of item 304.6 (crushed stone very coarse) from Table 
3.1. 
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Due to size restrictions when conducting laboratory testing, it was 
determined that only the fine crushed stone or 304.4 would be tested. The 
gradation of 304.4 occurred after the material was compacted. This would 
account for any material breakdown that took place during the compaction 
process. Material was taken at random near the testing site to be graded. 
According to this sieve analysis, shown in Table 3.4 and Figure 3.5, the 
material used as the base material, which was specified to be 304.4, is not within 
the specification in Table 3.1. The amount of fines in this gradation exceeds the 
amount of allowable fines for fine crushed stone or number 304.4. Due to time 
constraints on the project, the NHDOT elected to not tear up the material but 
keep it in place and use it as the base. According to this gradation, the material is 
classified as GP using the USCS but is close to being classified as GM or GC 
because the amount of fines was slightly greater than 5 percent. 
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Figure 3.5 Gradation Curve on 2 in. Minus Crushed Stone (NHDOT, 2009). 
The material was also tested by the contracted firm to determine density. 
Due to the size of the material, it was not suitable to do a standard Proctor test. 
Instead, the firm elected to perform a control strip test. This test involves laying 
out the material in a relatively dry state, compacting it and taking a density 
reading with the nuclear density gauge. The material is then wetted with a water 
truck and recompacted. Then the density is measured again. The process is 
repeated until the density of the material decreases. A control strip test was 
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Figure 3.6 NHDOT 2 in. Minus Moisture Density Curve (NHDOT, 2009). 
The firm determined that the materials maximum dry density was 137.7 
lbs/ft3 and the optimum moisture content was 4.4 %. 
The 2 inch minus material was placed on the roadway on November 10, 
2009. It was placed and compacted using the same primary methods used to 
place the sand. The material was placed until it had a final thickness of 1 foot, 
which overlaid 1 foot of coarse crushed stone. The density of the 2 inch minus 
crushed stone was found using a nuclear density gauge. The test was completed 
in five locations within the area where the LWD field testing took place. 






































With the exception of test number 3, all the tests meet the 95 percent 
compaction required by the state. The average density from these tests is 96.5 
percent, which is above the 95 percent requirement. The results confirmed that 
the materials density was in accordance with NHDOT specifications. 
3.3 ERRCO Construction and Demolition Debris 
A significant part of this research was focused on evaluating the 
equivalency of recycled materials for use in base/subbase applications. The 
purpose of this work was to show the potential for using recycled materials in 
roadways and infrastructure applications. As stated in chapter 2, one of the 
largest sources of recycled materials that are applicable to roadway systems is 
found in the construction and demolition (C&D) debris stream. New Hampshire 
has a number of facilities that accept C&D debris from a wide variety of sources. 
3.3.1 Construction and Demolition Debris Sources 
One goal of this research was to obtain roadway quality C&D debris from 
a local source, making the results useful for future NHDOT roadway applications. 
It would be impractical for the NHDOT to use C&D material if it had to be 
transported from a distant site because it would be economically unsustainable. 
The company that met these requirements is Environmental Resource 
Return Corporation (ERRCO). This company located in Epping, NH obtains C&D 
debris and processes it so that it can be reused in a number of applications. 
According to Gill Sarno of ERRCO the C&D comes mainly from demolition 
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contractors, but also comes from construction contractors. Since most of this 
material comes from sources in New England, it is made up of materials used in 
buildings within New England. Due to composition of the majority of the buildings 
in New England, C&D debris contains a large amount of concrete and masonry 
material, bricks, wood of various types (plywood, pressure treated, untreated), 
asphalt shingles, metals, plastics and drywall. 
3.3.2 Material Composition 
When ERRCO receives the material, it must be mostly free of municipal 
solid waste or material that cannot be recycled. ERRCO separates the materials 
into categories; wood, concrete/stone, asphalt shingles, plastic and metal. Float 
tanks and various types of magnets are used to further separate the materials. 
The concrete/stone material is stockpiled and is composed of various types of 
concrete and masonry products, bricks, ceramics, and stones. For the purpose of 
this research, this material is described as building derived aggregate (BDA). 
BDA was employed in this research as the recycled material under investigation. 
BDA was treated as any other base/subbase aggregate and was tested in the 
same manner. 
3.3.3 Method of Material Preparation for Lab Testing 
When the BDA material was obtained from ERRCO, the size of the pieces 
ranged from 6 to 12 inches (150 - 300 mm) in diameter. The objective of using 
the BDA material was to use it as a base or subbase material. In order to do so, 
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the material was broken down and crushed so that its gradation resembled that 
of a natural base or subbase. The first step in this process was to break down 
the material so that it could fit into the civil engineering department's jaw crusher. 
This initial breakdown was accomplished manually with a sledge hammer. Once 
the material was broken down to a size that was appropriate for the jaw crusher, 
approximately 4 inches in diameter, the material was crushed. 
Figure 3.7 Jaw Crusher Crushing BDA 
The jaw crusher, shown in Figure 3.7, is an electrically driven crusher from 
the 1970's that is used to crush a wide variety of material from concrete to stone. 
The crusher operates by spinning two large fly wheels that push two jaw plates 
towards each other. The material is placed in between these plates and is 
crushed as the plates move towards one another. However, the crusher has a 
limited amount of adjustment. This is because the jaw plates that crush the 
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material are slightly worn out and the crusher was not designed to have a wide 
range of adjustment. 
Due to the low range of adjustment the jaw crusher expels material that 
resembles a 2 in minus material. To make that material more uniform and to 
make it more practical to be used in resilient modulus triaxial testing the material 
was then sieved through a 1 inch sieve. This process was repeated until it was 
determined that enough material was crushed for all the laboratory testing. 
3.4 Field Light Weight Falling Deflectometer Testing 
The field testing, shown in Figure 3.8, done on the NHDOT Route 16 
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Figure 3.8 Light Weight Falling Deflectometer Field Testing 
The testing location was offset from the other research location by 
approximately 30 feet to allow for true in situ testing. The tested area was 
selected randomly to represent how the NHDOT does its material testing, which 
is done at random. 
3.4.1 Field Compaction 
All compaction in the field was done by the contractor for the NHDOT. The 
material was placed by dump trucks and subsequently graded with bulldozers 
and graders. After the material was graded according to NHDOT designs and 
specifications, the material was compacted using single steel drum vibratory 
rollers. The rollers varied in size and, therefore, varied in compactive energy. The 
compaction was done at or near optimum water content according to standard 
Proctor or control strip testing. The final compaction of the materials was tested 
to ensure that 95% of standard Proctor was achieved. Testing and compaction 
was usually done 1 -3 days prior to field testing for this research. 
3.4.2. Field Light Weight Falling Deflectometer Testing 
After a location for testing was selected and a 4 X 4 foot box was traced 
into the material, LWD testing was conducted. Two LWDs were used for the field 
testing, a Zorn 2000 LWD and a Keros Prima 100 LWD. The purpose of using 
two LWDs was to compare the LWDs' results to see which LWD was more 
reliable and had better correlation with MR and CBR testing. 
The Zorn 2000 LWD was purchased by the University of New Hampshire 
during the summer of 2008 for this research. It was made by Zorn Industries 
located in Germany. The Zorn 2000 LWD was primarily designed for measuring 
the modulus of components within a pavement system. It is composed of a 10 kg 
weigh with a 72 cm drop height. It is equipped with an accelerometer that records 
the deceleration of the weight as it hits the plate. The LWD came with a 200 mm 
and a 300 mm diameter plate. The LWD is equipped with an external box that 
powers the instrument and also serves as the data acquisition and storage. The 
data from a test is stored on a removable data card that can be placed into a 
Microsoft Excel-based computer program for further analysis. The data analysis 
assumes a Poisson's Ratio of 0.5 and a shape factor of 2 to calculate the 
modulus of the tested location. 
When conducting a test, the operator must perform three seating drops on 
in the test location to remove loose material and to ensure the plate is seated 
flatly. Then the operator presses start on the data acquisition box and is 
instructed to perform three drops. The instrument takes the average of these 
three drops to determine the modulus of the tested material. The test output 
shows the operator the deflection and velocity of the load pulse from all three 
drops. 
The second type of LWD used in this research, the Keros Prima 100 LWD, 
is owned by the US Forest Service and is on loan to the University of New 
Hampshire for the purpose of this research and others. It is made by 
Grontmij/Carl Bro Pavement Consultants of Denmark. Like the Zorn, its primary 
purpose it to measure the moduli of layers of the pavement system. It is 
composed of a 72 cm drop height and a 10 kg weight. The device is equipped 
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with a geophone for measuring plate deflections. It has a 300 mm diameter plate. 
The device is powered by four AA batteries attached to the geophone. 
Data from a completed test can be acquired using different methods. The 
data from the LWD is sent to a hand held PC device, such as a Palm Pilot, using 
direct connection or Bluetooth. The data stored on the PC device can later be 
transferred to a computer program for further analysis. The Prima does allow the 
user to change the Poisson's Ratio and shape factor used in the equation to 
determine the modulus. The PC device used for data acquisition must have a 
secure connection to the LWD to ensure proper data transfer. This device was 
not supplied with an owner's manual but testing was done similar to testing done 
with the Zorn. Unlike the Zorn, which averages three drops to determine a test 
result, the Keros Prima 100 LWD measures each drop and yields each result. 
The results given are the measured moduli of each drop, the force from each 
drop, the deflection of each drop and the velocity of the induced load pulse into 
the tested material. 
The in situ testing location was set up to represent the laboratory testing 
pit. To accomplish this, a 4ft X 4ft box was staked out on the material to be 
tested. It was within this box that all field testing was conducted. The 4ft X 4ft box 
that was laid out to conduct LWD testing was broken into nine different sections 
as shown in Figure 3.9. Each section would be used for LWD testing. 
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Figure 3.9 LWD Testing Locations in 4ft X 4ft Boxed Area 
Five of the locations were tested using the Zorn and five locations were 
tested using the Prima. Testing was completed using both the 200 mm and 300 
mm plate on the Zorn. The Prima was only used with a 300 mm plate. The center 
location of the box was tested by both the Zorn and the Prima. Locations 1 -5 
were tested by the Zorn and locations A-D were tested by the Prima. Testing with 
the Zorn was done using the 300 mm plate prior to testing with the 200 mm plate. 
Testing with the 200 mm plate was done in the same locations as the 300 mm 
plate and even though this may have led to higher values it is assumed that the 
amount of compaction by the 300 mm plate is negligible. At each location, five 
LWD tests were conducted. This resulted in 15 drops at each location by each 
LWD. A total of twenty five tests were completed by each LWD on the material. 
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3.4.3 Field Density Testing 
The material at the in situ testing location was tested for density and 
moisture content. The primary purpose of this testing was to determine a density 
that would be used for compacting the pit in Kingsbury Hall S123 laboratory to 
ensure the pit replicated field testing. 
3.4.3.1 NHDOT Nuclear Density Gauge The firm hired by NHDOT uses a 
Troxler Nuclear Density Gauge, shown in Figure 3.10, to determine in situ 
densities and moisture contents of the pavement materials. When LWD testing 
was finished, personnel from the firm tested the 4ft X4ft location to determine the 
moisture content and density. Five random locations were used for the testing. 
The testing was conducted by inserting the nuclear density gauge rod 12 inches 
into the ground. 
Figure 3.10 Nuclear Density Gauge Used During Field Testing 
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3.4.3.2 Sand cone Testing Because a nuclear density gauge was 
unavailable for use in the laboratory, density and moisture content were 
determined in the laboratory using the sand-cone method. This method was done 
in accordance with AASHTO's T-191 specification. One sand-cone test, Figure 
3.11, was conducted in the field in a random location within the boxed area. 
Figure 3.11 Sand Cone Testing 
3.5 Laboratory Light Weight Deflectometer Testing 
Laboratory testing was conducted in Kingsbury Hall Room S123, which is 
temperature and humidity controlled. Even with these ideal conditions, the 
materials were tested as closely as possible to mimic laboratory testing that 
would be done by a DOT. Therefore, the materials tested in the lab were from the 
same sources as the materials used in the field. Compaction techniques in the 
lab where chosen to simulate DOT compaction techniques, and the material was 
modified in a manner that a DOT would modify the material for laboratory testing. 
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3.5.1 Kingsbury S123 Test Pit. 
The primary purpose of the Kingsbury S123 pit was to investigate whether 
or not the results obtained in the field testing by the LWD could be replicated in a 
controlled laboratory setting. The pit in Figure 3.12, which was constructed when 
Kingsbury Hall was rebuilt in 2003, is 8 feet long, 4 feet wide and 30 inches deep. 
To make the pit optimally symmetrical for laboratory testing, a bulkhead was 
placed in the center of the pit. The bulkhead split the pit into two, resulting in two 
4 ft X 4ft X 30 in. pits. One of the pits was used for testing. By making the 
bulkhead removable, the material was removed more easily when testing was 
completed. 
Figure 3.12 Kingbury S123 Pit Used for Laboratory LWD Testing 
3.5.1.1 Compaction One of the primary challenges with the pit was to 
compact the material in a way that best replicated how it is compacted in field 
conditions. In the field, a self-propelled vibratory roller compacts material. 
Because of space constraints, a self-propelled vibratory roller could not be 
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brought into the lab. A jumping jack could have been the solution, but using a 
gasoline engine would not be possible in the laboratory. To best replicate field 
conditions, an electrical jack hammer was fitted with an 8 inch X 8 inch steel 
tamper foot and used for compaction. The electric jack hammer is a BOSCH 
Brute with an energy of 43 foot pounds, shown in Figure 3.13. Although this 
compaction method was not ideal, it was the best method for compaction of the 
material in a laboratory setting. 
Figure 3.13 BOSCH Brute Jack Hammer Used for Compating the Laboratory Pit 
The base of the pit was filled with 4 inches of sand before the material to 
be tested was placed in the pit. The 4 inches of sand was placed for two 
purposes. The first purpose was to create a buffer between the material and the 
concrete base of the pit. This sand buffer represents a subgrade in the field. 
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The second purpose was to give the pit a depth of 2 feet between the top and the 
sand layer. Therefore, the filled pit resembled the layer in a field setting. 
The material was placed in the pit with 5 gallon buckets of material or with 
wheelbarrow loads of material. Enough material was initially placed into the pit 
for a lift equal to 4 inches. Water was then spread onto the placed material and 
mixed to an estimated optimum water content. The material was compacted 
using the jackhammer to a density that was estimated to be the same as in the 
field. The density was verified using a sand-cone test. If sand-cone testing 
determined that the density needed to be increased, lifts were decreased and 
water content was increased to achieve higher density. This process was 
repeated until the final lift, when it was assumed that the density was as close as 
possible to reassembling in situ densities with in situ water content. 
After pit compaction was completed, the material was wetted with water 
and left to sit overnight. The material was wetted so that it would not dry out in 
the temperature/humidity controlled laboratory while it sat overnight. The material 
sat overnight to resemble what may happen in the field. During LWD field testing, 
it was usually not possible to test the material directly after completion of 
compaction. This was because it was difficult to know exactly when field 
compaction was completed. Field testing was usually done one day after 
compaction was completed. 
3.5.1.2 LWD Testing After the material sat overnight, the LWD testing was 
conducted on the material. Since field testing was conducted in a 4 X 4 foot 
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square identical to the laboratory pit dimensions, the LWD laboratory testing was 
conducted in the same manner as the LWD field testing. The same 9 locations 
were mapped out and the same number and letter system was used to determine 
where and what LWD would be used for testing. 
3.5.1.3 Sand cone Testing Sand-cone testing immediately followed LWD 
pit testing to account for any additional compaction of the material by the LWD. 
Sand-cone testing was conducted according to AASHTO T-191. Five sand-cone 
tests were conducted to determine the density and moisture content of material 
under investigation. The locations of the sand-cone tests were selected at 
random. The tests were conducted in a manner that discerned discrepancies 
between how the material was compacted at the center of the pit compared to 
the walls of the pit. 
The average value of the sand-cone tests were used to compare how the 
densities in the pit compared to in situ densities. The average value of sand-
cone tests was also used to determine the level of compaction for RMT and CBR 
testing. 
3.6 Resilient Modulus Testing 
After the modulus of the materials was determined by LWD testing, 
resilient modulus triaxial (RMT) testing was conducted. By performing RMT 
testing, the resilient modulus of the material could be determined. Modulus is 
required in the MEPDG as a stiffness parameter. Fifteen tests were conducted 
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on each material. The reason for conducting 15 tests per material was to balance 
between time and getting a reasonable amount of values. 
3.6.1 GCTS Loadframe and System Setup 
The system in place in room S123 in Kingsbury Hall is set up to perform 
the AASHTO T-307 procedure. This is the most common procedure used by 
roadway designers. RMT Testing was performed on a system furnished by 
GCTS Testing Systems of Tempe, Arizona, shown in Figure 3.14. GCTS 
Resilient Modulus Testing System is a standard triaxial system capable of testing 
samples up to six inches in diameter and is capable of repeated loading. The 
external hardware of the system includes a hydraulic actuator for loading, a 
50,000 pound loadframe, an air pressure/water pressure control tower and 
external LVDTs for displacement measurement. 
Figure 3.14 GCTS Resilient Modulus Test System 
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The system is run using a computer-based software system called 
C.A.T.S. A screen shot of the C.A.T.S. system running a RMT test is shown in 
Figure 3.15. The software controls the hydraulic actuator, air/water pressure 
valves, and servos. It also receives the feedback information from the load cell, 
LVDTs and servos. This software allows the user to design and implement a 
wide variety of triaxial tests. It also allows the operator to design the tests to be 
automated or user controlled. The automated feature allowed the system to run 
the T-307 procedure and ensure the loads and pressures were applied to the 
specimen during the test. 
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Figure 3.15 GCTS C.A.T.S. Software Screenshot During Resilient Modulus 
Testing 
One feature of the T-307 test that was essential to conducting the test was 
the peak, intensity, and duration (PID) controls. When the T-307 procedure is 
conducted using the GCTS system, the CATS software dictates to the hydraulic 
actuator which loads to apply to the specimen. Then the load cell gives the 
system feedback as to what loads were actually applied to the specimen. If the 
actual loads being placed on the specimen are not the loads specified by T-307, 
the system adjusts to achieve the specified loading. An example of actual loads 
not meeting the specified loads is shown in Figure 3.16. 
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Figure 3.16 Pre-PID Tool Use with Poor System Response 
The specified loads in Figure 3.16 are shown in blue while the actual loads being 
applied to the specimen are in black. Figure 3.16 shows that the loads are not 
the same and the specimen is not being properly loaded. If an operator was not 
present to correct this issue then the specimen would not be tested properly. To 
correct this issue the operator must manually correct the loading so that the 
specified loading matches the actual loading on specimen. 
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Figure 3.17 Peak-Intensity-Duration Software Tool 
In order to correct this issue, the PID function, shown in Figure 3.17, is 
used. The PID function can change the peak, intensity, and duration of the load. 
Since both the intensity and the duration of the load are set by T-307, only the 
peak of the load can be manipulated. The system makes small changes as it 
tries to match the peak placed on the system with the peak feedback from the 
load cell. If the operator fully understands the system, the peak can be manually 
changed. This is usually done at the start of each cycle of the RMT test. When 
the specified load matches the actual load on the specimen properly then the 
system load chart should look like Figure 3.18. As shown in Figure 3.18 both the 
specified and actual load peaks, blue and black respectively, match which means 
that the specimen is being properly loaded. 
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Figure 3.18 Post-PID Tool Use with Good System Response 
The system uses air as the confining fluid. This makes the test easier and 
quicker to conduct. Even with the use of air, complications of the test can still 
occur. For example, when calibrating the LVDTS the compression of the 
specimen must correspond to a positive strain output from the LVDT. This 
challenge arose when initial RMT testing took place. To overcome this problem, 
Mr. Peter Goguen was contacted to ensure proper LVDT calibration occurred. 
The calibration of the LVDTs was completed prior to the testing of all materials. 
Prior to any testing, the load cell used was also calibrated. The load cell 
used was a 10,000lbs load cell. Due to the lack of tools to calibrate the 
instrument at UNH, an outside firm was contacted. IN-CAL of Hudson, NH was 
used to calibrate the load cell. Prior to testing each material, load cell readings 
were verified using a 10,000 lbs proving ring. 
3.6.2 Sample Size 
The size of the aggregate obtained from the field determined the size of 
the specimen tested in the laboratory. According to T-307, the size specimen for 
base and subbases should be a diameter of 150 mm or 6 inches. This is because 
aggregates used in bases and subbases are larger in size than in subgrades. 
Since this research only involved the use of bases and subbases, a six inch 
diameter specimen was used. The height of the specimen was approximately 
324 mm (14 inches). The AASHTO standard requires that the specimen height 
be twice the diameter. 
3.6.3 Specimen Preparation 
AASHTO T-307 states the maximum mold and, thus, specimen size that 
can be used is 6 inch diameter. Some bases in use by DOT, however, have a 
maximum particle size of 6 inches. To ensure that large particles do not 
invalidate the test and that proper densities and compaction are achieved, the 
standard states all material larger than 1/5th of the mold diameter must be 
removed. The sand tested had a maximum particle size much less than 1/5th the 
mold diameter and, therefore, did not need modification. The two inch minus 
crushed stone, however, did need modification. The stone was scalped of all 
material larger than 1 inch in diameter prior to RMT testing. The BDA used had a 
maximum particle size of 1 inch due to crushing techniques and, therefore, did 
not need modification. 
Specimens were prepared to simulate the densities and water contents 
determined during field testing. To achieve this, each specimen for each material 
was compacted using vibratory methods. T-307 gives the option of compacting 
the specimen using a drop hammer or a vibratory tool. The vibratory method was 
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chosen because it reaches higher densities in a shorter amount of time. The 
vibratory tool used was composed of a Bosch 11263 hammer drill and a modified 
six inch diameter tamper foot, which would easily fit into the specimen mold. 
Using the densities and moisture contents determined during LWD testing, the 
material used for testing was mixed with water prior to compaction to + / - 1 % 
moisture content. Then the material was placed into the mold using 
approximately 2 inch lifts and compacted for approximately 30 seconds using the 
vibratory tool. The intensity and duration of compaction was adjusted to achieve 
the specified density. 
During compaction, holes in the membrane inevitably occurred. If the 
holes were small, such as when sand was tested, they were patched using a 
liquid latex material. However, if the holes were too large for the use of liquid 
latex, a second membrane was used to cover the first membrane. 
To measure the moisture content of the specimen, two samples were 
taken from the material used to create the specimen. One sample was dried 
using a microwave oven, according to ASTM D4643. Therefore, instantaneous 
moisture content could be determined and used to determine the dry density of 
the specimen. The other sample was oven dried according to AASHTO T-265. 
The density of the specimen was found by weighing the material prior to 
compaction and weighing the leftover material after compaction. Then the 
specimen was measured to +/-1 mm height. Next the specimen was modeled as 
a 6 inch cylinder to determine the volume. Using the weight and dimensions of 
the specimen, the density was determined. Although this may not be the most 
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accurate method for determining density, it is the most practical given the 
particular setup. 
3.6.4 Conducting AASHTO T-307 
After the specimen was created, it was enclosed by a triaxial cell and 
locked into the loadframe as shown in Figure 3.19. 
Figure 3.19 GCTS Loadframe with a Specimen Ready for Resilient Modulus 
Testing 
The LVDTs were adjusted so that they had the maximum range of motion 
during the test. After adjustment occurred, a confining pressure of 68.9kPa was 
placed on the specimen. Subsequently, a seating stress of 50N was placed on 
the specimen. By placing the confining pressure prior to placing the seating 
stress, the operator ensured that no improper stresses were induced on the 
specimen. The load cell and LVDTs were then zeroed out. After this step, the 
operator ensured the specimen was in a free draining state and the test began. 
During the test, the operator watched closely to ensure the specimen was 
being correctly loaded and the cell pressure was constant. It was imperative to 
adjust the PID controls, to ensure that correct stresses were induced on the 
specimen. 
After the test was completed, the sample was subjected to a simple triaxial 
test. The seating pressure was reduced to 50N and the cell pressure was 
reduced to 27.6 kPa. The test was run with a constant cell pressure at a strain 
rate of 1 percent per minute. The test was terminated when the specimen 
reached failure. The cell was removed from the loadframe and the specimen was 
removed. The tested specimen was then placed in a location to ensure it would 
not be retested. 
3.7 California Bearing Ratio Testing 
Upon the completion of RMT testing, CBR testing was conducted. The 
purpose of the CBR testing was to determine the bearing capacity of the material 
and to establish a CBR value that could be correlated to the determined MR 
value. CBR testing was done following AASHTO T-198 procedure. Like the RMT 
testing, 15 tests were conducted on each material to ensure an accurate CBR 
value for each material. To ensure an accurate average value of the CBR, the 
ratios for a particular material were compared at either 0.1 inch or 0.2 inch 
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deformation. For example, on the sand all ratios were determined at 0.1 inch, 
whereas on the 2 inch minus material all ratios were determined at 0.2 inch. This 
is because stronger base material is unlikely to start failing prior to 0.2 inch 
deformation, thus making the ratio at 0.2 inch larger than the ratio at 0.1 inch. If 
the ratio of a tested specimen was not the same as the ratio used for the other 
specimens, the test was rerun. 
3.7.1 CBR Loadframe and System Setup 
The loadframe used for CBR testing was a 10,000 lbs loadframe, shown in 
Figure 3.20. 
Figure 3.20 Sample in Loadframe Ready for California Bearing Ratio Testing 
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The loadframe is equipped with a platen that moved the sample up into a 
piston with an area of 3 square inches. Attached to this piston is a 10,000 lbs 
load cell much like the load cell used in RMT testing. This load cell was 
calibrated by UniCal, like the load cell used for RMT testing, and was verified 
with a 10,000 lbs proving ring prior to testing of each material. An LVDT was 
used to measure the displacement of the piston into the sample. This LVDT was 
calibrated prior to testing each material. Although the system was controlled via 
the loadframe, the data acquisition for the test was done by the same CATS 
software that was used for the RMT testing. The CATS software captured the 
response of the LVDT and the load cell, thus producing a stress strain data set. 
The data was then used to create the CBR curve, which was corrected to 
determine the adjusted CBR ratio. 
The standard CBR mold required by AASHTO T-198 was a 6 inch 
diameter mold with a volume of 1/30 ft3. As it was explained in section 2.2.2, the 
mold could not test the true size of the base material and needed to be modified. 
Unlike the RMT test, the oversized material was not scraped off the material 
used in the specimen. Instead, the oversized material was replaced with smaller 
size material of an equal weight. The sand material did not need modification, but 
the 2 inch minus and the BDA material needed modification. To achieve this, 
material over % inch in diameter was removed from the material and weighed. 
Then the oversized material was replaced with material from the same source 
that was greater than the #4 sieve but smaller than the 3A in sieve. The material 
was then mixed and used for CBR testing. 
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Like the specimens created during RMT testing, the material was mixed 
to +/-1 % optimum moisture content to achieve the correct densities. The empty 
mold was weighed to determine the density of the compacted material. The 
material was placed in the molds at approximately 2 inch lifts and was 
compacted using the same vibratory tool used during RMT testing. 
Once compaction was complete, the specimen was weighed. The same 
techniques for moisture content determination were used during CBR testing as 
were used during RMT testing. Using the known water content and weight, the 
density of the specimen was determined. If the density was not similar to the 
density achieved during the RMT testing and LWD testing, the mold was emptied 
and a new specimen was compacted. 
After compaction, the specimen height was measured and the specimen 
and mold were submerged in water for 96 hours. A surcharge of 10 pounds was 
placed on the specimen while in the tank. The 96 hours soak determined the 
swelling of the specimen due to the expansion of fines and was executed 
according to AASHTO T-198. At the termination of 96 hours, the specimen was 
removed and measured to determine swell percentage. Then the specimen was 
drained for approximately 15 minutes and placed in the loadframe for testing. 
The specimen was placed in the loadframe with a 10 pound surcharge. 
The rings used for the surcharge had a hole to allow the 3 square inch piston to 
penetrate the specimen. Using the CATS software, the piston was allowed to 
penetrate the sample until the load cell reached 44 newtons. Then the load cell 
and the LVDT were zeroed out and the test was started. 
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The test ran until either the capacity of the loadframe was reached or the 
test duration reached 10 minutes. The data from the test was stored for later 
processing and the specimen was removed from the load cell. The mold was 
emptied, and to parallel what was done during RMT testing, the tested material 
was placed in a location that ensured it would not be retested. 
3.8 Data Collection and Postprocessing 
Data collection for this research occurred throughout testing upon 
completion of each individual test. At the conclusion of each test, data was 
analyzed to determine if any particular test needed to be rerun. 
3.8.1 Test Variability 
Upon the completion of each test, resulting data sets were analyzed to 
determine the degree of variation present. To accomplish this, a coefficient of 
variation (Cv), shown in Equation 3.1, was determined for each particular test. 
<V=-*100 (Equation 3.1) 
cv = cofficient of variation (%) 
o = standard deviation 
fj. = mean 
The coefficient of variation was employed because of its ability to give a 
percent of variability in a particular test's data results. The coefficient of variation 
normalizes each data set to its corresponding mean, this will to take into account 
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the different scales of data so comparisons can be made. For example, the 
coefficient of variation of the RMT data was compared to the coefficient of 
variation of the CBR data to determine which test had a higher repeatability. 
3.8.2 Correlation Methods 
One of the primary purposes of this research was to determine which 
methods most accurately predicted MR. This required accurate average results 
from each type of test. Then using established methods, the results were 
compared to the MR results determined during RMT testing. 
3.8.2.1 LWD Field Testing Compared to LWD Lab TestingThe first 
correlation examined was a comparison of LWD field testing to LWD laboratory 
testing, shown in Equation 3.2. By using the same instruments for both testing 
locations, the correlations were direct. 
ELWD Field = ELWDLaboratory (Equation 3.2) 
ELWD Field = Elastic modulus determined by LWD in the field 
ELWDLaboratory = Elastic modulus determined by LWD in the Laboratory 
The two different types of LWDs, Zorn 2000 and Keros Prima 100, were 
also compared. According to previous studies, a LWD using an accelerometer, 
such as the Zorn 2000, will produce a smaller ELWD than a LWD using a 
geophone, such as the Keros Prima 100 (Vennapusa & White, 2008). Because 
both LWDs were used in the field and in the laboratory, comparisons were made 
to determine which LWD was more accurate under a variety of conditions. 
3.8.2.2 LWD Testing Compared to Resilient Modulus Testing Some 
research has been completed to compare LWD testing to resilient modulus 
testing, though not on recycled materials. Great potential exists in US DOTs for 
the use of LWDs, but without a comparison to resilient modulus triaxial testing, 
LWD use will not increase. The LWD results used for this comparison were from 
the Zorn 2000. This is because UNH owns the Zorn and further testing and 
correlations between ELWD determined using the Zorn and MR can be done. UNH 
does not own the Keros Prima 100 and, therefore, further testing using the Keros 
Prima 100 may not be possible. The primary method used in this comparison 
was the model for granular soils developed by the Louisiana Transportation 
Research Center in 2008, shown in Equation 3.3. 
MR = 18.69ELWD021 (Equation 3.3) 
MR = resilient modulus (ksi) 
ELWD = modulus from LWD (ksi) 
Although this model was developed with limited testing on a limited variety of 
materials, it is useful in developing a correlation from LWD to MR. 
3.8.2.3 CBR Testing to Resilient Modulus Testing Although the CBR test 
is decades old, it still has the potential to be a valuable test for determining MR 
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values. The method used to determine MR from CBR testing was a method 
developed by Powell et al. in 1984, shown in Equation 3.5. 
MR(psQ = 2554 x CBR06* (Equation 3.5) 
MR = Resilient Modulus from RMT Testing (psi) 
CBR - California Bearing Ratio (%) 
This correlation is the most widely accepted and widely used for correlating 
resilient modulus triaxial results to CBR results. As stated in Chapter 2 of his 
Master's Thesis, Mr. Mark DeRocchi used this same correlation during his 
research on recycled materials in 2008. The results obtained by Mr. DeRocchi 
were used to verify results obtained in this research. 
3.9 Summary 
The research testing was all completed according to standardized 
procedures or manufacturer recommendations. The field testing resembled 
testing conducted by a DOT or hired firm. No modifications were made to the 
material in the field and sites were selected as randomly as possible. Every 
action that was practical and possible was taken to make laboratory testing 
resemble field testing. 
The laboratory testing, like the field testing, was done to replicate testing 
by a DOT or hired firm. The pit testing was done to simulate testing that was 
done in the field as accurately as possible. RMT testing was done according to 
AASHTO T-307 with no modifications made to the test procedure. Although 
some material was modified, it was done so in a way required by T-307, which 
would be also be done by agencies testing the material. 
Following standard procedure for CBR material, modification also took 
place to replicate how any agency would modify the material. Although it may be 
argued that a lower ratio could have been used to be more conservative, the 
ratios selected were done so to obtain an accurate average CBR ratio for the 
corresponding material. 
The different grain size distributions of the modified material used in RMT 
testing and CBR testing may make the tests difficult to correlate. Using the same 
modification techniques for during each test may have led to better correlation. 
However, this research was done to replicate any RMT or CBR test done on the 
material by any agency. The purpose was to replicate testing done following 
standardized procedures that any agency would follow if they were to test the 
material. 
Although the laboratory testing was completed as accurately as possible, 
some specimens were bound to yield differing results. While it may be argued 
more tests could have been done to achieve greater accuracy, the multiple tests 
conducted for each procedure represent better-than-ideal field conditions. 
Furthermore, variation rather than homogeneous data may better represent 
actual variation of materials in the field. 
These correlations exist because the RMT test is cumbersome to conduct. 
Being expensive and time consuming, the RMT test is often overlooked by 
engineers in favor of simpler correlation methods. 
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The purpose of this research was to confirm or deny whether existing 
correlations are effective. It was not in the interest of this research to construct 
new models to correlate the various methods. However, this research did explore 
trends that may be seen by using the different correlations. 
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CHAPTER 4 
RESULTS and DISCUSSION 
4.1 Introduction 
This chapter presents the results obtained by the research described in 
the previous chapters. The individual tests results are presented first, followed by 
correlations between the different tests. Graphs of representative material 
behavior are used to convey general material behavior, while all the actual 
results are presented in various appendices. 
4.2 LWD Field Testing Results 
As described in Chapter 3, the NHDOT is rebuilding a section of Route 16 
in Rochester, NH, LWD field testing was conducted during this construction, from 
summer to fall of 2009. 
The testing was conducted using the manufacture guidelines. The LWD 
data acquisition system was set up to calculate the ELWD for the plate being used 
to test. Once the system was set up, three seating drops were conducted before 
testing. According to the manufacturer, the seating drops create a solid testing 
surface free of loose material. Testing was then completed using the LWD. To 
accomplish this, three drops of the weight onto the plate were done and the 
average deformation of the three drops was used to calculate the dynamic 
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modulus. This dynamic modulus was then calculated in MPa using the Equation 
4.1 and the average deformation from testing. 
ELWD — ^ - ^ r T7 (Equation 4.1) 
An example of the test result from field testing done on the sand is presented in 
Figure 4.1. This figure shows the deflection of the plate versus time for the three 
drops needed to conduct the test. From this chart the total deformation for each 
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Figure 4.1 Zorn 2000 Data Acquisition Readout 
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Twenty five tests were completed for a total of seventy five drops on the 
material, not including the seating drops. Figure 4.2 is an example of how the 
results were tabulated according to the Zorn 2000 software. 
























































































































































































































Arithmetic average of spot-check Xm(Evd): 34.69 MN/rrf 
Standard deviation s(Evd): 4.03 MN/m? 
Variation coeffizient: V(Evd): 11.6% 
Quality number: Q(Evd) = 2.40 
The test (Q>0,88) is valid. 
Figure 4.2 Sand Field Zorn 2000 Results 
4.2.1 NHDOT Sand 
The first material tested was the subbase layer. This layer consisted of the 
bank run sand described in Chapter 3. Testing of this layer was approached as if 
no information was known about the material. This negated any preconceived 
notions about the testing outcomes. 
The test area was set up in the 4 ft X 4 ft boxed area as explained in 
Chapter 3. Testing was then done with the two LWDs, the Zorn 2000 and the 
Keros Prima 100. A 200 mm plate and a 300 mm plate were used for the Zorn 
LWD testing. The Keros Prima tested materials using a 300 mm plate. Twenty 
five tests were done with each LWD. The results are presented in Figure 4.3. 
•Zorn 2000 (300 mm plate) 
A Zorn 2000 (200 mm plate) 
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Figure 4.3 Field LWD Testing on Sand 
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It should be noted that the Zorn 2000 was tested with both the 300 mm 
and 200 mm plates in the same locations. The 300 mm plate was tested before 
the 200 mm plate. The Keros Prima 100 was not tested in the same locations as 
the Zorn 2000. Figure 4.3 shows that some values, usually five data points, are 
similar but different when compared to another set of five similar data points. The 
reason for this is that five tests were conducted in the same location. For 
example, 25 tests were conducted with the Keros Prima 100, however, only 5 
different locations were used to conduct the tests. This would explain why the 
data goes up and down 5 data points at a time. These trends can also be seen in 
the results on 2 in. minus material and BDA. 
Table 4.1 Average Results of Field LWD Testing on Sand 
Zorn 2000 
• (200 mm plate) 
Average value 




(300 mm plate) 
34.7 
11.6 
Keros Prima 100 
(300 mm plate) 
54.9 
10.6 
Table 4.1 shows the average values from the data in Figure 4.3. The Zorn 
200 mm plate produced higher results than the Zorn 300 mm plate and the Keros 
produced higher results than the other two tests. 
4.2.1.1 Density Results-Sand. Density testing on the material was done 
using both a nuclear density gage and a sand cone. The testing was done in 
random locations within the 4 ft X 4 ft testing area. Density testing was done after 
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LWD testing to account for any compaction that may have taken place during 
LWD testing. A Troxler Nuclear Density Gage used for the nuclear density testing 
was calibrated spring 2009. Due to the efficiency of the gage, a number of tests 
could be conducted on the material. 
The sand cone was calibrated in the laboratory prior to field testing. Table 
4.2 shows the results from the density testing. 
































123.9 lb/ft3 dry density 
The average value from this testing was used for the target density during 
compaction of the laboratory pit for LWD laboratory testing. As explained before, 
only sand cone tests were conducted in the laboratory. Therefore, the sand cone 
results and the nuclear gauge results were weighted equally in the total average, 
even though only one sand cone test was completed. The average result was a 
dry density of 123.9 lb/ft3 and a moisture content of 3.7 %. Samples of the tested 
material were not available for gradation testing after LWD testing. It is assumed, 
however, that the gradation of the sand would be very similar to the gradation 
results stated in Chapter 3, because the state did all gradations after placement 
and compaction of the material. 
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4.2.2 NHDOT 2 in. Minus Crushed Stone 
The other item that was tested in the field was the 2 in. minus crushed 
stone. This material was tested in the same manner as the sand. The exception 
to this testing was that only 20 tests were conducted using the Keros Prima 100. 
Electrical malfunctions prohibited the last five tests. The results are presented in 
Figure 4.4 and Table 4.3. 
•Zorn 2000 (300 mm plate) 
A Zorn 2000 (200 mm plate) 
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Figure 4.4 Field LWD Testing on 2 in. Minus 
Table 4.3 Average Results of Field LWD Testing on 2 in. Minus 
Average value 








(300 mm plate) 
50.1 
5.27 
Keros Prima 100 




The values were higher than the LWD results from the testing conducted 
on the sand. The Keros had higher scatter and gave the largest results. This may 
have been caused by the geophone's reaction to the very coarse grained 
material. The Zorn 200 mm plate also produced higher results than the Zom 300 
mm plate. 
4.2.2.1 Density Results - 2 in. Minus. Density testing on the 2 in. minus 
material was accomplished using the same methods as were employed during 
field testing on the sand. Four nuclear density tests and two sand cone tests 
were conducted on the material. The sand cone was calibrated in the laboratory 
prior to field testing. Table 4.4 shows the results from the density testing. 



































136.4 lb/ft3 dry density 
Similar to the sand total average, the 2 in. minus total average weighted 
the sand cone tests and nuclear density gage tests equally even though fewer 
sand cone tests were done than nuclear density gage tests. The average result 
was a dry density of 136.4 lb/ft3 and a moisture content of 3.74 %. Samples of 
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the tested material were not available for gradation testing after LWD testing. It is 
assumed, however, that the gradation of the 2 in. minus would be very similar to 
the gradation results stated in Chapter 3, because the state did all gradations 
after placement and compaction of the material. 
4.3 LWD Lab Testing Results 
LWD lab testing was done in the exact same manner as LWD field testing. 
The only exception was that a nuclear density gage was not used to determine 
densities. The material was placed and compacted in the 4 ft x 4 ft pit in 
Kingsbury Hall S123 to the best of the operator's ability. The material was placed 
using the methods described in Chapter 3. The materials tested in this pit were 
the sand, the 2 in. minus crushed stone and the building derived aggregate. 
4.3.1 NHDOT Sand 
The sand was the first material to be placed in the pit. This material was 
placed one day prior to testing. Due to time constraints, testing could not be 
conducted the same day as material placement and compaction. As in previous 
tests, testing was completed using the Zorn 2000 LWD equipped with both a 200 
mm and 300 mm plate and a Keros Prima 100 LWD equipped with a 300 mm 
plate. Results are presented in Figure 4.5 and Table 4.5. 
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•Zorn 2000 (300 mm plate) 
A Zorn 2000 (200 mm plate) 
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Figure 4.5 Laboratory LWD Testing on Sand 
Table 4.5 Average Results of Laboratory LWD Testing on Sand 
Average value 








(300 mm plate) 
46.2 
7.23 
Keros Prima 100 
(300 mm plate) 
57.9 
13.37 
These results were higher than the results that were obtained in the field. 
This may have been caused by the higher measured density of the pit as seen in 
Table 4.6. However, the trends were still the same. The Prima had a higher 
average value and coefficient of variation while the Zorn 200 mm plate results 
were slightly higher than the Zorn 300 mm results. Five sand cone tests were 
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conducted within the area at random locations. All sand cone tests were 
conducted after LWD testing. 


























From these sand cone tests the average dry density was 124.4 lb/ft3 and 
the moisture content was 7.2 %. The dry density was slightly higher than what 
was measured in the field. This was caused by slight over compaction of the 
sand in the lab. Although this occurred, the density value was still within 1 
percent of the field density value, which is acceptable. This higher density may 
have led to higher LWD results. 
4.3.2 NHDOT 2 in. Minus Crushed Stone 
The second material to be tested in the pit was the 2 in minus crushed 
stone. This material was placed using the same techniques as were used when 
placing the sand. The material was tested one day after compaction. Results are 
presented in Figure 4.6 and Table 4.7. 
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>Zorn 2000 (300 mm plate) 
i»Zorn 2000 (200 mm plate) 
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Figure 4.6 Laboratory LWD Testing on 2 in. Minus 
Table 4.7 Average Results of Laboratory LWD Testing on 2 in. Minus 
Average value 








(300 mm plate) 
46.4 
12.45 
Keros Prima 100 
(300 mm plate) 
108.5 
35.36 
The results for the two different Zorn plates were similar to what was 
measured in the field. The coefficient of variation was slightly higher, but still 
acceptable. The Prima values, however, were much different than what was 
measured during field testing. This may have been caused by the placement of 
the geophone on the material. For example, if a large stone was in contact with 
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the geophone, then the LWD may have yielded high stiffness results because the 
geophone did not deform as much as the surrounding plate. This may have lead 
to the large amount of scatter within the results. The coefficient of variation for 
the Prima results was approximately 3 times larger than the variation seen using 
both the Zorn plates. 
Five sand cone tests were conducted within the area at random locations. 
All sand cone tests were conducted after LWD testing and results are presented 
in Table 4.8. 




























From these sand cone tests, the average dry density was 136.3 lb/ft3 and 
the moisture content was 3.3 %. This dry density average was well within 1 
percent of the values measured in the field. The moisture content was also well 
within 1 percent of field value. 
4.3.3 Building Derived Aggregate 
The final material tested in the pit was the BDA. Because this material was 
not tested in the field, there was no prior density to use as a target density. Upon 
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initial compaction of the material, it was obvious that it could not reach the same 
density as the 2 in. minus material. Therefore, the largest achievable density was 
used. The density value was determined by conducting sand cone tests after 
each lift of material was placed. More water was added on each layer until a 
maximum density was reached. The amount of water used to reach this density 
was then used to compact the final lift, with the hope that the density would be 
the highest achievable. As with previous tests, this material was allowed to set 
over night before LWD testing. Results are presented in Figure 4.7 and Table 
4.9. 
•Zorn 2000 (300 mm plate) 
AZorn 2000 (200 mm plate) 
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Figure 4.7 Laboratory LWD Testing on BDA 
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Table 4.9 Average Results of Laboratory LWD Testing on BDA 
Average value 








(300 mm plate) 
51.0 
7.92 
Keros Prima 100 
(300 mm plate) 
82.5 
27.69 
Although these results were higher than the sand and the 2 in. minus 
results, they followed the same trends. The Zorn 200 mm results were higher 
than the 300 mm and the Prima results were higher than both of those. The 
Prima also had a much higher coefficient of variation, which indicated that the 
geophone may be affected by the larger particles. 
Five sand cone tests were conducted within the area at random locations. 
All sand cone tests were conducted after LWD testing. Results are presented in 
Table 4.10. 


























From these sand cone tests, the average dry density was 119.1 lb/ft3 and the 
moisture content was 10.2 %. This measured moisture content was used when 
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creating RMT and CBR specimens. Consequently, a dry density of 119.1 lb/ft3 
could be reached. 
After pit testing gradation tests were completed on the material to 
compare material breakdown due to compaction from all tests. The gradation 
results can be seen in section 4.6. 
4.4 CBR Testing Results 
California Bearing Ratio testing was completed following the AASHTO T-
198 standardized procedure and the loadframe system stated in Chapter 3. 
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Figure 4.8 GCTS C.A.T.S. Software Setup for CBR Testing 
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The system was set up with the G.C.T.S. CATS data acquisition and 
software to capture the CBR test, as shown in Figure 4.8. The CATS system 
provided instantaneous insight into what loads were being applied to the 
specimen and what strains were being induced. This system also allowed the 
user to run multiple tests with the same chart allowing the operator to see how 
well the tests were being repeated. Prior to any testing pertaining to this 
research, the 10,000 lb load cell was calibrated. When material being tested 
changed, for example from sand to 2 in. minus, the load cell was checked using 
a proving ring and the LVDT was recalibrated. 
Fifteen tests were conducted on each material, which allowed for a 
balanced set of results. However, a number of tests were rerun on each of the 
materials. This was caused by a strict adherence to T-193 procedure. The 
procedure stated that upon correcting the stress strain curve, the corresponding 
stress at 0.1 inch should be used to develop the ratio. However, if the ratio at 0.2 
inch deformation* was larger, the test should be rerun. The specification goes on 
to state that if once the test is repeated and the ratio at 0.2 inch deformation is 
still larger, the material should be tested so that all CBR values are established 
from 0.2 inch deformation. 
By following this criterion, material was tested to determine what ratio 
should be used. For example, during the testing of the sand the ratio at 0.1 inch 
deformation was higher, and occurred with greater frequency, than the ratio at 
0.2 inch deformation. Therefore, any tests that had a higher ratio at 0.2 inch 
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deformation were rerun. This resulted in five tests being rerun on the sand in 
order to get 15 CBR values that all had a higher ratio at 0.1 inch deformation. 
The 2 inch minus and the BDA material were also modified in order to 
follow the T-193 standardized procedure. According to the procedure, if the 
largest particle size was larger than % inch diameter then the oversize material 
needed to be removed. Then the removed material was replaced with an equal 
amount of material passing the % inch sieve and retained on the #4 sieve. This 
process was used to modify the 2 in.ch minus and BDA material to create CBR 
specimens. Although it may be argued that modifying the material and comparing 
it would skew the results when trying to compare to other tests, AASHTO states 
that this modification gives proper CBR results on the material. Because this 
research was conducted to test the material in the same manner as any testing 
agency, the standards were strictly followed regardless of the extent to which the 
material needed to be modified. 
4.4.1 NHDOT Sand 
The first material tested was the subbase sand. The specimens were compacted 
using a vibratory method in the CBR mold at the same moisture content as was 
used during LWD testing. Each specimen was soaked for 96 hours, as specified 
by T-198, before being tested. The swelling of the specimens caused by soaking 
was negligible, with some specimens increasing in size and some specimens 
decreasing in size. This increase or decrease was only a few thousandths of an 
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inch. The results from each test were corrected and the ratio at 0.1 inch 
deformation was determined. The results are shown in Figure 4.9. 
Figure 4.9 CBR Testing Results on Sand 
The average value from these results was a CBR of 127.6 % with a Cv of 
12.2 %. The average dry density of the tests was 122.9 lbs/ft3. This density was 
slightly lower than what was measured during LWD testing, but still within 2 %. 
There was also a trend of increasing CBR with increasing density. 
4.4.2 NHDOT 2 in. Minus Crushed Stone 
The 2 in. minus crushed stone was tested when CBR testing of the sand 
was finished. As stated previously, this material was modified prior to CBR 
specimen creation. A gradation analysis was performed after CBR testing to take 
into account material breakdown during specimen compaction and testing. 
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Gradation results can be seen in section 4.6. All specimens were soaked for 96 
hours prior to testing. The soaking had similar results to the sand with respect to 
specimen swelling. The results from each test were corrected and the ratio at 0.2 
inch deformation was determined. The 0.2 inch deformation value was used 
because of the higher ratios at 0.2 inch deformation compared to the ratios at 0.1 
inch deformation. The results are presented in figure 4.10. 
Figure 4.10 CBR Testing Results on 2 in. Minus 
The average value from these results was a CBR of 158.9 % with a Cv of 
15.4 %. The average dry density of the tests was 135.4 lbs/ft3. This density was 
slightly lower than what was measured during LWD testing, but still within 1%. 
There was also a trend of increasing CBR with increasing density. The CBR 
values were larger than the values measured during testing of the sand. The 
larger coefficient of variation when compared to the sand coefficient of variation, 
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12.22 %, was most likely caused by the larger particle size. The larger particles 
created less uniform specimens with larger voids when compared to the sand 
specimens. The voids can be seen in figure 4.11. Depending on the distribution 
of these voids, varying results may have occurred. 
Figure 4.11 Voids Within 2 in. Minus and BDA CBR Specimens 
4.4.3 Building Derived Aggregate 
The final material tested was the BDA. This material was tested following 
the same steps used during the testing of the sand and the 2 in. minus. Like the 
2 in. minus, the BDA was modified to remove particles larger than % inch 
diameter. All specimens tested were also soaked for 96 hours prior to testing. 
Like the sand and the 2 in. minus, there was negligible change in specimen size 
due to the soaking period. The ratio used for this testing was measured at 0.1 
inch deformation. Although the CBR values, as seen in Figure 4.12, are larger 
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than what was measured for 2 in. minus CBR values, the load frame reached its 
maximum load before 0.2 inch deformation could be reached. This left the 
0.1 inch at the only value to derive a CBR result. 
Figure 4.12 CBR Testing Results on BDA 
The average value from these results was a CBR of 217.2 % with a Cv of 
20.71 %. The average dry density of the tests was 119.2 lbs/ft3. This density was 
slightly higher than what was measured during LWD testing, but still within 1 %. 
There was also a trend of increasing CBR with increasing density. It was 
interesting however, that the CBR values were larger than the values measured 
during 2 in. minus testing. One would expect to see lower CBR values with the 
lower density, but this does not seem to be the case. One plausible explanation 
for this is that when the material is crushed and compacted, unhydrated cement 
115 
particles are exposed. Then when the specimen is soaked, the specimen 
undergoes a self cementing process. 
4.5 Resilient Modulus Testing Results 
Upon the completion of CBR testing, Resilient Modulus Triaxial testing 
was conducted. This testing was done using the G.C.T.S triaxial system setup in 
Kingsbury Hall S123, as described in Chapter 3. All tests were done following the 
AASHTO T-307 standardized procedure. Because all materials were either a 
subbase or base material, all procedure was set up to test such materials. 
G.C.T.S. CATS data acquisition and software was used to accurately perform the 
AASHTO T-307 procedure and ensure the specimen was properly loaded. Prior 
to any testing pertaining to this research, the 10,000 lb load cell was calibrated. 
When material being tested changed, for example from sand to 2 in. minus, the 
load cell was checked using a proving ring and the LVDTs were recalibrated. 
Fifteen tests were conducted on each material. This allowed for a 
balanced set of results, while still being attainable. Unlike the CBR tests, there is 
no criterion as to when a test must be rerun. The decision to rerun a test was 
made by the operator. A number of reasons may have led the operator to rerun a 
test. The primary reason to rerun a test was due to system malfunction. Because 
the test was computer controlled, once the test started there was little input from 
the operator and if the system malfunctioned then the test was rerun. 
Malfunctions may have been caused by a variety of factors, from improper 
loading to loss in data transfer from the control system to the hydraulic actuator. 
116 
Due to the large amount of work previously done by Mr. Mark DeRocchi on the 
system, these malfunctions were uncommon and very few tests needed to be 
rerun. 
The most flagrant malfunctions leading to improper loading were caused 
by bushing failure. The bushing that failed was located between the hydraulic 
load actuator and the load cell. This bushing was in place to subject the 
specimen to an even load and prevent the specimen from jolting when being 
loaded. The material that makes up the bushing tended to break down over time 
from cyclic loading and if not replaced may have led to improper loading of the 
specimen. Figure 4.13 illustrates one instance when the bushing became stuck in 
the load cell housing when it failed. 
Figure 4.13 Failed Bushing Stuck in Load Cell Housing 
To prevent this from happening, the bushing was replaced periodically and 
usually occurred when the load cell was removed from the frame for checking 
against a proving ring. 
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Each test was conducted using the same 6 inch mold size. The material 
was mixed to a moisture content that was seen during LWD pit testing to achieve 
the same density. Compaction within the mold was done using a vibratory 
hammer fitted with a 6 inch diameter tamper foot. 
Upon removal of the mold, the membrane was evaluated for holes 
because holes would lead to improper confining pressurization of the specimen. 
During testing on the sand, the membrane was repaired using liquid latex. During 
tests conducted on the 2 in. minus and BDA material, the holes created in the 
membrane were much larger and numerous than experienced with the sand. 
This was caused by the larger aggregate ripping the membrane. Liquid latex was 
not sufficient to repair the membrane to its original condition. Instead of using 
latex for repairs, a second membrane was used on the specimen. When 
compaction was finished and the mold was removed, a second membrane was 
rolled onto the specimen. To prevent specimen degradation, the upper plate and 
loading rod were applied to the specimen to help support the specimen when the 
second membrane was applied. Although the second membrane may have led 
to slightly different loads being applied to the specimen, it was the only feasible 
way to repair any leaks in the first membrane. 
Due to the size restrictions of the mold used, there is a maximum particle 
size that can be within a specimen. AASHTO T-307 states that the maximum 
particle diameter cannot be larger than 1/5th of the diameter of the mold. The 
maximum particle diameter in the 2 in. minus material was 2 inches. Accordingly, 
this material was modified prior to RMT testing. AASHTO T-307 states that 
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material larger than 1/5 of the diameter of the mold shall be removed from the 
material to be tested. Unlike CBR testing which required removed material to be 
replaced by a smaller size material, RMT testing only requires that the large 
particles be removed and no replacement needs to take place. Just as the 
modifications done to run CBR tests may have skewed results for comparison to 
other tests, this modification was done following the T-307 specification 
assuming it would be done by any agency testing the material. 
4.5.1 NHDOT Sand 
The first material to be tested was the subbase sand. The specimens were 
compacted using slightly higher moisture content than what was seen during 
LWD testing to compensate for drainage that occurred prior to testing of the 
specimens. This drainage occurred from the vacuum applied to the specimen to 
hold the membrane in place prior to application of the confining pressure. The 
results from RMT testing on the sand are in Figure 4.14. 
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Figure 4.14 Resilient Modulus Testing Results on Sand 
The average value from these results was a MR of 220.0 (MPa) with a Cv 
of 6.21%. The average dry density of the tests was 121.4 lbs/ft3. This density 
was slightly lower than what was measured during LWD testing but still within 
3%. The MR slightly increased with increasing density. The increase was not as 
significant as what was seen during CBR testing. It should be noted that the 
scatter within this data was less than what was seen during CBR testing on the 
sand. 
4.5.2 NHDOT 2 in. Minus Crushed Stone 
The 2 in. minus crushed stone base material was tested after the sand. As 
previously stated, the material was modified prior to testing. Any material larger 
than 1 inch in diameter was removed from the material. Therefore, the 2 inch 
minus material was modified resulting in a 1 inch minus material. Unlike the CBR 
standards, there was no comment in the standard on how this affects the results. 
120 
It is assumed that the effects are insignificant. As with previous testing materials, 
slightly higher moisture content was added to the 2 in. minus material to 
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Figure 4.15 Resilient Modulus Testing Results on 2 in. Minus 
The average value from these results was a MR of 210.0 (MPa) with a Cv 
of 2.96 %. The average dry density of the tests was 132 lbs/ft3. This density was 
slightly lower than what was measured during LWD testing, but still within 4 %. 
The lower density may be caused by the voids that were seen during CBR 
testing. Since the mold was compacted using the same techniques as CBR 
testing, the same voids in the specimen may have developed, shown in Figure 
4.16. Unlike CBR testing, the larger mold for RMT testing created more voids. 
Therefore, density derived using cylindrical volume calculations would appear to 
be lower than the actual density. 
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Figure 4.16 Voids Within 2 in. Minus and BDA RMT Specimens 
Several methods were attempted to measure the actual density of the 
specimen to account for the voids, but none were successful. Unlike the sand, 
the 2 in. minus MR slightly decreased with increasing density. It was interesting to 
see that the scatter within this data was less than what was seen during CBR 
testing. 
4.5.3 Building Derived Aggregate 
The last material to be tested was the Building Derived Aggregate. Just as 
the sand and the 2 in. minus, the specimens were compacted using slightly 
higher moisture content to compensate for drainage. Unlike the 2 in. minus 
material, the BDA had a maximum particle size of 1 inch, which is within the 1/5th 
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of mold diameter requirement. Therefore, no material modification was needed. 
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Figure 4.17 Resilient Modulus Testing Results on BDA 
The average value from these results was a MR of 269.2 (MPa) with a Cv 
of 10.31 %. The average dry density of the tests was 115.3 lbs/ft3. This density 
was slightly lower than what was measured during LWD testing, but still within 4 
percent. This material also developed voids, like the 2 in. minus, when being 
compacted which may have accounted for the lower measured density. Also, like 
the 2 in. minus results, these results showed a decrease in MR with increasing 
density, illustrating that density has a lesser effect on MRthan CBR. This test had 
a larger coefficient of variation than the other test results, which may be an effect 
from the variation of the BDA material, which some specimens having higher 
quality material than others. 
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4.6 Gradation Results 
Upon completion of all testing, gradation tests were conducted to evaluate 
how much material breakdown occurred by using different size vibratory 
compaction hammers for the different tests. These gradation tests were done 
post testing on a randomly selected sample of each material from each type of 
test. The first material tested was the sand. The gradation results for post sand 
testing is shown in Figure 4.18. 
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Figure 4.18 Gradation Curves Post Testing on Sand 
This graph shows that material breakdown was minimal throughout the testing. 
When breakdown did occur, it was consistent throughout the testing. There was 
a slight increase in the amount of fines seen after RMT testing and CBR testing, 
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compared to what was seen during LWD laboratory testing. This breakdown, 
however, produced fewer fines than what was seen during the gradation tests 
done by the testing agency for the NHDOT. It should be noted that, although 
these tests were done in the same manner as what was done by the testing 
agency, there was a large amount of material used for testing and variation in the 
sand was inevitable. 
The gradation curves for the 2 in. minus material clearly illustrates 
modifications done to the material for CBR and RMT testing. As can be seen in 
Figure 4.19, the CBR and RMT gradation results show how the material was 
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Figure 4.19 Gradation Curves Post Testing on 2 in. Minus 
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During CBR testing, there was some material breakdown compared to RMT and 
LWD laboratory testing. Like the sand, however, this breakdown did not produce 
material smaller than what was tested by the NHDOT hired agency. In fact, the 
testing done by the agency determined a fines content of 5.1 %, which is above 
the limit (5%) for this material as specified by the NHDOT. However, due to time 
constraints NHDOT personnel allowed this material to stay in place and material 
removal was not conducted. 
The building derived aggregate was also tested after each laboratory test. 
Like the 2 in. minus material, the BDA was also modified for CBR testing. This 
modification can be seen in figure 4.20. 
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Figure 4.20 Gradation Curves Post Testing on BDA 
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After CBR testing, there was an increase in the amount of finer material seen. 
This increase may be attributed to the modification that was needed in order to 
perform the CBR test. Regardless, the amount of fines developed during testing 
was consistent throughout all the laboratory tests. 
4.7 LWD Lab Results to LWD Field Results 
The primary purpose of the field testing was to evaluate how well material 
could be tested in the laboratory using a LWD. It is assumed that the size of the 
pit would have alleviated boundary effects during testing and should have 
compared well to values seen in the field as long as the compacted material had 
the same properties. The Zorn 2000 LWD and the Keros Prima 100 LWD, both 
fitted with a 300 mm plate, were used for this analysis. This comparison was only 
done on the sand and 2 in. minus stone, because they were the only materials 
used in the field. 
4.7.1 NHDOT Sand 
The results from the testing on the sand are presented in Figure 4.21 along with 
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Figure 4.21 300 mm Plate LWD Results on Sand 
These results illustrate two trends. One trend was that the Keros Prima 
100 gave higher dynamic modulus values, approximately 1.4 times greater than 
the Zorn 2000. 
The other trend was that the results from testing within the pit were higher 
than the results from the field. This was most likely caused by the higher dry 
density of the sand within the pit when compared to the dry density measured in 
the field, 124.4 lb/ft3 to 123.9 lb/ft3. 
4.7.2 NHDOT 2 in. Minus Crushed Stone 
The results from the testing on the 2 in. minus are presented in and Figure 4.22 
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Figure 4.22 300 mm Plate LWD Results on 2 in. Minus 
The trends seen during LWD testing on the 2 in. minus were similar to the 
trends seen during LWD testing on the sand. The Keros Prima 100 was 
approximately 1.8 times higher than the Zom 2000 results. The coefficient of 
variation was also much higher for the Keros Prima 100 results as shown by the 
error bars. 
Unlike the sand, the 2 in. minus dry density measured in the field was 
almost exactly what was measured in the laboratory pit, 136.4 lb/ft3 and 136.3 
lb/ft3 respectively. 
4.8 LWD Results to Resilient Modulus Results 
A key component for a LWD to be useful to a DOT is having a useful and 
effective model to predict MR results from LWD results. The model used during 
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this research was developed by the Louisiana Transportation Research Board in 
2008 and is shown in Equation 4.2. 
MR = 18.69£W D 0.21 (Equation 4.2) 
The unit used for this model is kips per square inch. The size LWD plate used for 
developing the model was 200 mm. The values used for this model were from 
the Zorn 2000 fitted with the 200 mm plate. The following results in Figure 4.23 
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Figure 4.23 200 mm Plate LWD to MR Model Prediction Results with Standard 
Deviation Error Bars 
This model performed quite well for estimating MR from the 200 mm LWD 
results, likely because the model was developed using granular materials, such 
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as what was used for this research. The 2 in. minus had the best prediction with 
95 % prediction of the actual value, while BDA had the worst prediction with 77 % 
prediction of the actual value. The model follows a trend that the higher the LWD 
results the higher the MR prediction. It was assuring that the model did not over-
predict the MR values. It is comforting to know, from an engineer's point of view, 
that the predictions are conservative. 
4.9 CBR Results to Resilient Modulus Results 
Due to the complexities of running a RMT test, many DOTs prefer to run 
the CBR test. The CBR test has been used in pavement design for decades with 
an established data base of testing results. With the introduction of MR, the 
development of a model to predict MR from CBR was natural. The model that was 
used for this research was developed by Powell et al. (1984) and is shown in 
Equation 4.3. 
MR(psQ = 2554 x CBR064 (Equation 4.2) 
This model uses units of pounds per square inch. The CBR values used with the 
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Figure 4.24 CBR to MR Model Prediction Results with Standard Deviation Error 
Bars 
The first trend noticed in these results is that the model vastly over-
predicted the MR value. The over-prediction was 178 % on the sand to 215 % on 
the 2 in. minus. This over-prediction would be very concerning if these values are 
to be used in pavement design. The error bars also illustrate that there was more 
variation in the CBR data as compared to the RMT data. 
The over-prediction was most likely caused by the high CBR results. 
These high CBR results were most likely caused by the high densities developed 
in the tested CBR specimens. The model was developed for CBR values less 
than 100 %. The materials tested in this research may have had CBR values less 
than 100 % if the specimens were compacted to a lower density, maximum 
density according to standard Proctor for example. Because this research was 
done to replicate densities seen in the field, the CBR specimens were compacted 
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to densities much higher than the standard Proctor, which may have lead to the 
high CBR values and over-prediction of MR. 
4.10 Summary 
There was a wide variety of tests conducted during this research, but each 
test was run for one common goal; relating it back to resilient modulus. The field 
LWD testing was done with no disturbance to the material with tools currently in 
use by the NHDOT, such as the nuclear density gage, to determine material 
properties. Material in the pit for laboratory LWD testing was compacted to match 
properties seen in the field. The specimens used for RMT and CBR testing were 
created to match the properties seen in the field and in the pit. Each test, from 
LWD to CBR, was conducted in a manner that would be repeatable by any 
testing agency as long as manufacturer recommendations and AASHTO 
specifications are followed. 
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CHAPTER 5 
CONCLUSION and RECOMMENDATIONS 
5.1 Introduction 
This research was conducted to estimate material stiffness using a variety 
of methods. All of the methods used are tools for current state of the art 
pavement design and are accepted nationwide as such. The material selection 
was based on what is currently being used in a modern roadway in the state of 
New Hampshire with the addition of the building derived aggregate. The BDA 
testing was done to determine its ability to be used as a base material in modern 
roadways. 
5.2 LWD Usage 
Throughout this research, the LWD testing was for the most part very 
successful. A large number of tests can be conducted using the LWD in a 
relatively short amount of time. One test takes less than three minutes to conduct 
and measures stiffness rather than density, which is a more useful parameter in 
roadway designs. Unlike the nuclear density gage, the LWD does not require an 
8 hour training session, an operator radiation badge or the lengthy paperwork to 
own and transport a nuclear gage. 
There appeared to be a little influence in the LWD results from the walls 
and base of the pit. The coefficient of variation, and LWD results for the 
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laboratory LWD testing appeared to approximately the same as the values seen 
in the field LWD results. Obviously more research on the LWD induced stresses 
is needed to determine the boundary effects of the pit, but LWD testing in the 
laboratory pit appears to be a useful tool for conducting LWD testing. 
The Zorn 2000 was user-friendly and took little experience to master both 
the operation of the LWD and the data analysis associated with its use. Changing 
the plate from a 300 mm to 200 mm only took about 5 minutes, making it 
reasonable to do testing with both plates. The robust design of the LWD gives 
the indication that the instrument would provide a long service life in field working 
conditions. 
A downfall to the Zorn 2000 is that it should be calibrated at regular 
intervals like any instrument. Also, the data acquisition system does not allow the 
operator to change the falling weight or the drop height. If the weight and height 
could be changed then the operator could have a greater ability to change the 
induced stresses upon a test site. 
The Keros Prima 100 was also user-friendly. Like the Zorn 2000, it does 
not require lengthy training and paperwork like a nuclear gage. Unlike the Zorn, 
the operator has the ability by to change the data acquisition system for changing 
soil parameters like Poisson's Ratio and to change the falling weight and drop 
high to vary the induced stresses. The Keros Prima 100, by comparison to the 
Zorn 2000, does not have simple data acquisition system. Because it requires a 
palm pilot, there needs to be a sound connection between the instrument and the 
palm pilot. If this connection is lost, the test results are not recorded. 
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The largest downfall in using the Keros Prima 100 comes from the 
geophone used to record the deformation of the plate during a test. The 
geophone accounted for the larger amount of scatter within the Keros results 
compared to Zorn results. Unlike the Zorn, in which the accelerometer is 
mounted directly to the plate and measures total deformation of the plate, the 
Keros geophone is mounted within a hole in the plate and may not properly 
measure total plate deformation. This was evident when testing the 2 in. minus 
and BDA with large particles. If one of these large particles was under the 
geophone, the geophone would deform less than the plate resulting in falsely 
high modulus results. 
5.2.1 Zorn 2000 compared to Keros Prima 100 
The results of the Zorn 2000 were 1.4 to 1.8 times lower than the Keros 
Prima 100 results. This may have been caused by the use of the accelerometer 
verses the geophone, as explained previously. This difference was similar to 
what was seen during a study done by White (2008). White determined that the 
Keros Prima 100 results were 2.17 times larger than the Zorn 2000 results using 
a 300 mm plate, with the Keros results having more scatter than the Zorn results. 
He also determined that smaller plate sizes tend to produce larger results. This 
was seen during this research on the 200 mm Zorn with results being an average 
of 1.2 times larger than the 300 mm Zorn results. 
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5.3 LWD Dynamic Modulus to Resilient Modulus 
The model used in this research proved to be a useful tool for determining 
conservative MR values. Although this model was developed using a limited 
amount of testing results on granular materials, it worked quite well when applied 
to the results from this research. This model helped to further the ability for the 
LWD to be a valuable tool for DOTs to determine MR. 
The model, however, should be reevaluated with the increase of available 
LWD data from the testing on granular materials. Trends in the results from this 
research showed that with increasing density, the model gave better predictions, 
such as the MR prediction on 2 in. minus material. The model did not perform as 
well when predicting MR for the BDA with its high MR results and lower density. 
5.4 CBR to Resilient Modulus 
The model to predict MR results from CBR results did not perform well for this 
research. The CBR model vastly over-predicted MR. During 2008, when former 
graduate student Mark DeRocchi used his CBR results to predict MR using the 
same model, he found that the model performed poorly. Some predictions were 
above the actual value while some were below. Either way there was no 
correlation. It was interesting to see that during this research, all predictions were 
well over the actual MR values. 
It is difficult to tell from just three different materials how modifying the 
material may have affected the results. It seems with the limited types of material 
tested during this research that modifying the material does not affect how well 
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the model predicts MR. The unmodified sand MR was over-predicted as was the 
modified 2 in. minus MR. 
If the model is going to continue to be used to predict MR from CBR 
results, it needs to be reevaluated for materials that produce high CBR values. 
The model may work better for less granular cohesive subgrade materials, but 
predicting the resilient modulus of subbase and base materials is just as 
important. Like the model developed for predicting MR from LWD results, there 
may need to be a separate model for predicting MR from CBR results just for 
granular materials with a high CBR value. As illustrated during this research, one 
model may not be applicable for all CBR data and material specific CBR to MR 
models may need to be developed. 
5.5 Building Derived Aggregate as Base/Subbase 
The results from this research, shown in Table 5.1, gave valuable insight 
into how well BDA would perform as a base or subbase. 
Table 5.1 Average Results from LWD Laboratory, RMT and CBR Testing 
i Sand ! 2 in. Minus BDA 
/ 9 n n
L a bTnA r /nZpm » ' 47.9 (MPa; " 57.2 (MPa) 67.5 (MPa/ 
(200 mm) LWD Results v ' v ' RMT Results 
CBR Results_ 
Average Dry Density 
220 (MPa) 210 (MPa) 269 (MPa) 
128(%) 159(%) 217 (%) 
ForAIITests 122.9 (Ib/ft^) 134.6 (lb/ftJ) 117.9 (lb/ftJ) 
The BDA when compared to either the sand or the 2 in. minus gave higher 
stiffness and strength values for laboratory LWD testing, RMT testing and CBR 
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testing. All these higher results were accomplished with a lower dry density than 
the sand or the 2 in. minus. 
This exemplifies how a material with a low density may be stiffer than a 
material with a higher density. More research needs to be done to determine 
when and why this occurs. 
This was just one small sample of BDA from one single source. BDA may 
have vastly different properties depending on the origin of C&D debris. More 
research needs to be done on BDA from different C&D debris sources to see 
how much BDA varies in stiffness and other material properties. Hopefully, this 
research shows a trend in just how potentially useful BDA may be in future 
roadway construction. 
5.6 Recommendations 
During this research issues arose that warranted further attention. Due to 
time constrictions these issues were not addressed. Further research using 
LWDs and resilient modulus should address these issues. 
5.6.1 LWD Testing with Accelerometers 
During the summer of 2009, accelerometers were used to determine how 
the stress bulb created by testing of the LWD dissipates into a material. 
Manufacturers of LWDs state after two times the plate diameter, the stress bulb 
has dissipated and any induced stresses below this depth are insignificant. While 
during the summer of 2009 this issue was addressed, problems arose as to how 
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to properly determine the spacing between different accelerometers to accurately 
measure the speed of the induced stress wave or pulse. If the accelerometers 
can be accurately placed, it can be determined where and when the stresses 
dissipate. This would be critical in determining if testing a material in the field can 
be influenced by underlying layers which may be softer or harder. 
The accelerometers would also be very useful as another tool for 
determining stiffness. By measuring the velocity at which the stress wave travels 
and the deformation induced by that wave, stiffness can be determined. This 
would be another way to see how accurately a LWD can determine stiffness. 
More work using accelerometers in the Kingsbury S123 pit would be very useful 
in this area of research. 
5.6.2 Finite Element Modeling of LWD Testing 
Once a thorough understanding of how the stress waves dissipate within 
the soil, a finite element model could be developed and calibrated. This model 
would be very useful for evaluating different materials. Instead of manually fill 
and empty a pit every time to evaluate each material, material properties could 
be entered into a finite element model to approximate an estimation of the 
materials stiffness. 
5.6.3 Building and Construction Aggregate 
As determined by this research, BDA has the ability to have a relatively 
high stiffness compared to natural materials. However, unlike natural materials 
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the lifespan of BDA in a roadway is unknown. There are hypotheses about how it 
may break down over decades of use and how it may impact the environment, 
but until BDA is researched further and test-trials are run, there is no certainty. 
To accurately determine how BDA will behave in a roadway, a test section needs 
to be constructed. While this may require a vast amount of laboratory testing 
before roadway designers feel comfortable using BDA, this crucial step needs to 
be made in the direction of applying BDA in modern roadways. 
One way of overcoming the uncertainty of using BDA by itself in roadways 
would be to perform tests using a mix of natural materials and BDA. By using 
natural materials with well understood properties, such as the 2 in. minus, and 
mixing it with BDA there would be a level of certainty of how it will perform in 
roadway applications. This technique is used to some extent by roadway 
engineers by mixing recycled asphalt product with natural material and applying it 
as a base material in secondary roadway design. By using this technique, 
convincing roadway designers to use BDA, even in limited quantities, would help 
move towards using larger quantities BDA in modern roadways. 
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APPENDIX A 








Source of Material: 
Sample From: 
Reported by: 
P roc to r No: 
STATE O F NEW HAMPSHIRE 
DEPARTMENT O F TRANSPORTATION 
PROCTOR MAXIMUM DENSITY > i 
6XX% 0 j& ZfL pate: ST/JIM 
f4t sfad ^ m i t e L Type of Material: ^UltJ/ I 
HkftL U »em Number ZaY.f j 
\~ .»•• OuantJtv Ren.* / 
W 
Q tity p.: 
Location to be used: 
nn^ 
Container No. 
A. Wt Mold & Wet Soil 
B.WtMold 
C.Wt Wet Soil (A-B) 
D. Wet Density (C x 1/30) 
E. Moisture Container No. 
F. Wet Wt + Tare 
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Max Dry Density 
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Source of Material 
Sample From 
Compaction # 
STATE OF NEW HAMPSHIRE 
BtJREAU OF CONSTRUCTION 
COMPACTION REPORT 
6YA )1 H leTL Lab No.: 
Quantity (Represented or Estimate) 
Purpose used (Item No.)4 
Tested for d&1~&Ufl& C10A>8\ 











InstnunentNo. ~S &Y$> 
Test Number 
Test Depth Inches (mm) \ 
Station 
Location Ft (m) 
Height of Fill Ft (m) i 
Wet Density pcf (kg/in3) 
% #4 Stone Retained 
Moisture pcf (kg/m3) \ 
i 
Moisture % j 
Dry Density pcf (kg/m3) 
Max. Dry Density pcf (kgftn3) 
Coir Max Dry Density pcf (kg/m3) 
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APPENDIX B 
MATERIAL GRADATION CURVES 
150 
Corey Clark 
Post LWD Laboratory 



































































































Post LWD Laboratory Testing on Sand 
100 10 1 0.1 0.01 
Sieve Size (mm) 
1 
Corey Clark 



































































































Post CBR Testing on Sand 
100 10 1 0.1 0.01 
Sieve Size (mm) 
1 
Corey Clark 
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# 4 0 
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100 10 1 
Sieve Size (mm) 
0.1 0.01 
1 
Corey Clark Date: 1/20/2010 
Post LWD Laboratory 
testing on 2 in. Minus 
































































































Post LWD Laboratory Testing on 2 in. 
Minus 
100 10 1 0.1 0.01 
Sieve Size (mm) 
Corey Clark 




































































































Post CBR Testing on 2 in. Minus 
IJLJJL. 
100 10 1 





















































































































Post RMT Testing on 2 in. Minus 
100 10 1 




Post LWD Laboratory 
















































































































Post LWD Laboratory Testing on BDA 
100 10 1 








































































































Post CBR Testing on BDA 
100 10 1 0.1 0.01 
Sieve Size (mm) 
158 
Corey Clark 









































































































Post RMT Testing on BDA 
100 10 1 




LIGHT WEIGHT FALLING DEFLECTOMETER TEST RESULTS 
160 
Test sheet - statistics 
Determination of the dynamic deflection modulus 
Instrument: Light Drop Weight Tester ZFG-2000, 
Manufacturer: ZORN, Stendal, Germany 
TPBF - StB, Teil B 8.3, 2003, TPBF-StB, Teil E1, 1993 
Client: Corey Clark 
Project: LWD Reld Testing - Sand 
Test depth: 2 feet 
Layer: Sand Subbase 
Remarks: 300 mm Rate 
Weather/Temperature: Sunny 70's 
Date: 23/7/09 
Card number: #230709092638 
Device number: #4460 
Device type: 300 nmV10 kg 
Operator: Corey Clark 

























































































































































































































Arithmetic average of spot-check Xm(Evd): 34.69 MN/m2 
Standard deviation s(Evd): 4.03 MN/m2 
Variation coeff izient: V(B/d): 11.6% 
Test sheet - statistics 
Determination of the dynamic deflection modulus 
Instrument: Light Drop Weight Tester ZFG-2000, 
Manufacturer: ZORN, Stendal, Germany 
TP BF - StB, Teil B 8.3, 2003, TP BF-StB, Teil E1, 1993 
Client: Corey Clark 
Project: LWD Field Testing - Sand 
Test depth: 2 feet 
Layer: SandSubbase 
Remarks: 200 mm Rate 
Date: 23/7/09 
Card number: #230709092638 
Device number: #4460 
Weather/Temperature: Sunny 70's 
Operator: Corey Clark 
Required minimum quantile: 25 MN/rrf 


























































































































































































































Arithmetic average of spot-check Xm(Evd) 
Standard deviation s(Evd) 






LWD Field Testing on Sand Subbase 
Date:7/23/2009 
Keros Prima 100 
















































































Average (MPa) 54.946659 
Standard Deviation 5.834663672 
Coefficient of variation (%) 10.61877788 
Test sheet - statistics 
Determination of the dynamic deflection modulus 
Instrument: Light Drop Weight Tester ZFG-2000, 
Manufacturer: ZORN, Stendal, Germany 
TP BF - StB, Teil B 8.3, 2003, TP BF-StB, Teil E1, 1993 
Client: Corey Clark 
Froject: LWD Field Testing - 2 in. Minus 
Test depth: 1 foot 
Layer: 2 in. Minus Base 
Remarks: 300 mm Rate 
Weather/Temperature: Cloudy 50's 
Operator: Corey Clark 
Required minimum quantile: 25 MWrrP 
Date: 10/11/09 
w 
Card number: #101109144414 
Device number: #4460 


























































































































































































































Arithmetic average of spot-check Xm(Evd) 
Standard deviation s(Evd) 




Test sheet - statistics 
Determination of the dynamic deflection modulus 
Instrument: Light Drop Weight Tester ZFG-2000, 
Manufacturer: ZORN, Stendal, Germany 
TP BF - StB, Teil B 8.3, 2003, TP BF-StB, Teil E1, 1993 
Client: Corey Clark 
Froject: LWD Field Testing - 2 in. Minus 
Test depth: 1 foot 
Layer: 2 in. Minus Base 
Remarks: 200 mm Rate 
Weather/Temperature: Cloudy 50's 
Operator: Corey Clark 
Required minimum quantile: 25 MWnf 
Date: 10/11/09 
Card number: #101109144414 
Device number: #4460 


























































































































































































































Arithmetic average of spot-check Xm(B/d) 
Standard deviation s(Evd) 






LWD Field Testing on 2 in. Minus Base 
Date: 11/10/2009 
Keros Prima 100 











































































Average (MPa) 64.11666667 
Standard Deviation 7.297580309 
Coefficient of variation (%) 11.3817213 
Test sheet - statistics 
Determination of the dynamic deflection modulus 
Instrument: Light Drop Weight Tester ZFG-2000, 
Manufacturer: ZORN, Stendal, Germany 
TP BF - StB, Teil B 8.3, 2003, TP BF-StB, Teil E1, 1993 
Client: Corey Clark 
LWD Laboratory Testing -
Project: Sand 
Test depth: 2 feet Date: 16/7/09 
Layer: SandSubbase Card number: #160709150630 
Ftemarks: 300 mm Hate Device number: #4460 
Weather/Temperature: Kingsbury S123 
Operator: Corey Clark 
Required minimum quantile: 25 MN/m2 
Test points: 
























































































































































































































Arithmetic average of spot-check Xm(Evd) 
Standard deviation s(B/d) 




Test sheet - statistics 
Determination of the dynamic deflection modulus 
Instrument: Light Drop Weight Tester ZFG-2000, 
Manufacturer: ZORN, Stendal, Germany 
TP BF - StB, Teil B 8.3, 2003, TP BF-StB, Teil E1, 1993 
Client: Corey Clark 
Project: LWD Laboratory Testing • Sand 
Test depth: 2 feet Date: 16/7/09 
Layer: SandSubbase 
Remarks: 200 mm Rate 
Card number: #160709150630 
Device number: #4460 
Weather/Temperature: Kingsbury S123 
Operator: Corey Clark 
Required minimum quantile: 25 MN/m2 
Test points: 
























































































































































































































Arithmetic average of spot-check Xm(B/d) 
Standard deviation s(Evd) 






LWD Laboratory Testing on Sand Subbase 
Date: 7/16/2009 
Keros Prima 100 
















































































Average (MPa) 59.71 
Standard Deviation 7.740178962 
Coefficient of variation (%) 12.96295254 
Test sheet - statistics 
Determination of the dynamic deflection modulus 
Instrument: Light Drop Weight Tester ZFG-2000, 
Manufacturer: ZORN, Stendal, Germany 
TP BF - StB, Teil B 8.3, 2003, TP BF-StB, Teil E1, 1993 
Client: Corey Clark 
Project: LWD Laboratory Testing - 2 in. Minus 
Test depth: 2 feet 
Layer: 2 in. Minus Base 
Ftemarks: 300 rrm Rate 
Weather/Temperature: Kingsbury S123 
Operator: Corey Clark 
Required minimum quantile: 25 MWm2 
Test points: 
Date: 13/11/09 
Card number: #131109131822 
Device number: #4460 
























































































































































































































Arithmetic average of spot-check Xm(B/d) 
Standard deviation s(B/d) 





Test sheet - statistics 
Determination of the dynamic def lection modulus 
Instrument: Light Drop Weight Tester ZFG-2000, 
Manufacturer: ZORN, Stendal, Germany 
TP BF - StB, Teil B 8.3, 2003, TP BF-StB, Teil E1, 1993 
Client: Corey Clark 
Froject: LWD Laboratory Testing - 2 in. Minus 
Test depth: 2 feet 
Layer: 2 in. Minus Base 
Remarks: 200 mm Rate 
Weather/Temperature: Kingsbury S123 
Operator: Corey Clark 
Required minimum quantile: 25 MWm2 
Date: 13/11/09 
Card number: #131109131822 
Device number: #4460 


























































































































































































































Arithmetic average of spot-check Xm(B/d): 57.25 MN/m2 
Standard deviation s(Evd): 4.42MN/nf 
Variation coeff izient: V(Evd): 7.7% 
Corey Clark 
LWD Laboratory Testing on 2 in. Minus 
Date: 11/13/2009 
Keros Prima 100 
300 mm Plate 















































































Average (MPa) 108.52 
Sta n d a rd Devi ati o n 38.36774784 
Coefficient of variation (%) 35.35546244 
Test sheet - statistics 
Determination of the dynamic deflection modulus 
Instrument: Light Drop Weight Tester ZFG-2000, 
Manufacturer: ZORN, Stendal, Germany 
TP BF - StB, Teil B 8.3, 2003, TP BF-StB, Teil E1, 1993 
Corey Clark 
LWD Laboratory Testing -
Building Derived Aggregate 
2 feet Date: 23/12/09 
r 
Building Derived Aggregate Card number: #131109131822 
300 mm Rate Device number: #4460 



























































































































































































































Arithmetic average of spot-check Xm(Evd): 51.02 MN/rrf 
Standard deviation s(Brd): 4.04 MN/nf 








Required minimum quantile: 
Test sheet - statistics 
Determination of the dynamic def lection modulus 
Instrument: Light Drop Weight Tester ZFG-2000, 
Manufacturer: ZORN, Stendal, Germany 
TP BF - StB, Teil B 8.3, 2003, TP BF-StB, Teil E1, 1993 
Corey Clark 
LWD Laboratory Testing -
Building Derived Aggregate 
2 feet Date: 23/12/09 
r 
Building Derived Aggregate Card number: #131109131822 
200 mm Plate Device number: #4460 


































































































































































































































Required minimum quantile: 
Arithmetic average of spot-Check Xm(Evd): 67.50 MN/nf 
Standard deviation s(Evd): 4.87 MN/m2 
Variation coeffizient: V(Evd): 7.2% 
LWD Laboratory Testing on Building Derived Aggregate 
Date: 12/23/2009 
Keros Prima 100 
















































































Average (MPa) 82.45333333 
Standard Deviation 22.84040442 
Coefficient of variation (%) 27.70100795 
APPENDIX D 




Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%), 
9.76 
Mold Wt i.ltx,) 
Sample & Mold Wt ilbs) 
Sdtnplo Wt i.lbs) 
Wot Density ilbs-ft'") 






Height of Sample Before Soaking (in) 
Height of Sample After Soaking (in) 















CBR Sand 1 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.2 inch penetration (psi) 





Load at 0.1 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%} 
9.65 
Mold Wt (lbs) 
Sample & Mold Wt (lbs) 
Sample Wt (lbs) 
Wet Density (lbs/ft3) 






Height of Sample Before Soaking (in) 
Height of Sample After Soaking (in) 

















-0.1 0.1 0.2 0.3 
Penetration (inches) 
0.4 0.5 
Load at 0.1 inch penetration (psi) 





CBR Value = 124% 
Load at 0.1 inch penetration (psi) 








Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%) 
10.61 
MiJdWt ilbsi 
bampl" & Mold Wt (lbs) 
S.impl'j Wt libs,) 
Wot LVnsity (Itis ft ) 






Hoiijht of Sfiniplr: Br>foro So'ikinij (in) 
Height nt Hjmplc A1lni Koakinrj (in) 














c BRSa nd3 
0 1 — T " 
-0.1 0 0.1 0.2 0.3 0.4 0.5 
Penetration (inches) 
Load at 0.2 inch poiuMrjtiori ipsu 





L/i.id at 0.1 inch penptiation (psu 
StandanJ Load a; 0.1 inch (psi) 








Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisture Content via Micro.vave Oven ASTM D4643 
Container Wt (y> 
Wet Wt igi 
Dry Wt (q) 





Moioluf CoiitLnt \.iii Oven AASHTO T-265 
Container Wt (yi 
Wut Wt n|i 
L»rv Wt (')) 





Avcr.vji' Mouttiro (^.ntrrft (%), 
9~52 
MukJ Wt (Ins) 
Sample «. MoM Wt ilbs) 
Sjmplu Wt (lbs) 
Wet Density libs ft ) 






Height of Sample Reforu Soaking urn 
Height of Sample After Soaking (in) 



















.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.2 inch penetration (psi) 





Load at 0.1 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T193-99 
MoiUurc Content vi 1 Microwave Own ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moiotur- Content \ia Own AASHTO T-2n5 
Conlainpi Wt (y) 
Wet Wt (g) 
Dry Wt (g) 




Average Moisture Content (%) 
9.27 
Mold Wt (lbs) 
Sample & Mold Wt (lbs) 
Sample Wt (lbs) 
Wet Diinr.ity (IbS'ft') 






Hchjht of Sample Rpforo bnakmq iin) 
Hoiflht of Sample Alter Sruiking (in) 
















CBR Sand 5 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Lmri .it 0.1 inch |'»nolralion (psi) 





Load at 0.2 inch penetration (psi) 





CBR Value = 147% 
Corey Clark 
Pate: 9/16/2009 
Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Mufrluii* Conti nt VIA MicrowdVL Own ASTM D4613 
Container Wt (gi 
Wet Wt (g) 
Dry Wt (g) 
Moisture Content (%) 




MoiJlure Cont' nt «a 0«rn AASHTO T-265 | 
Cuntaiivr Wt \i\ 
Wet Wt (g) 
Dry Wt (g) 
Moisture Content (%) 




Average Moisture Content (%) 
9.83 
Mold Wt (lbs) 
Sample & Mold Wt (lbs) 
Sample Wt (lbs) 
Wot Density (lbs/ft3) 






Heiqht of Sample Rrffoio Sonkinij (in) 
Hfii'jht nl Sample Alter Soaking nni 
















CBR Sand 6 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load M 0.1 inch poiiftMtinri ipsii 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wet Wt <g) 
Dry Wt (g) 





Average Moisture Content (%) 
9.14 
Mold Wt (lbs) 
Sample & Mold Wt (lbs) 
Sample Wt (lbs) 
Wet Density (lbs/ft3) 






Height of Sample Before Soaking (in) 
Height of Sample After Soaking (in) 













CBR Sand 7 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 Moisture Content via Oven AASHTO T-2G5 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 




Average Moisture Content (%) 
9.29 
Mold Wt (Ihs) 
Sample ft Mold Wt ilbs) 
Sample Wt (lbs) 
Wet LX-nsitv (lbs/ft'} 






Hoitjht nf Sample Before Soaking dm 
Hr.iqht of rijmplr- After Sodkinq un) 
















.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Lrjcid .it 0.1-? inch penetration (psij 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





MciUuii' Content via Own AASHTO T-265 
Cont.tinor Wt ('jj 
Wet Wt i.(j) 
Dry Wt ('fji 





Average Moisture Content (%) 
9.04 
Mold Wt libs) 
•Simple & Mold Wt IIIJS) 
Sjmplo Wt (IbsO 
Wnt Density flbs/fl') 






Honjlit of Sample Retain Hnakinq (ml 
Hr.-ight of S.imple Aftnr Soaking (in) 















CBR Sand 9 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.2 inch penetration (psi) 





Load at 0.1 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moi&turo Content vi.i Mouwt i ve Oven ASTM 04643 
Container Wt (y) 
Wet Wt (cj) 
Dry Wt dj) 





Moisture Content via Oven AASHTO T-2G5 
Conlainoi W t iy) 
YkA Wt (.j) 
On/ Wt if]) 




Avcitif]? Moisture Content (%) 
9.58 
Molri Wt ilbb) 
S a m p l e d Mokl Wt i lhsj 
S.implc Wt (Ibb) 
W-M Density Hbs/ft ) 






Height of S.imple Before Soaking (ini 
Height of S.nnple After Soaking uni 
















CBR Sand 10 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psii 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wut Wt djl 
Dry Wt (rj) 





Average Moisture Content (%) 
9.22 
Mold Wt ilbsi 
Sample S MoUi Wt ilusi 
Sample Wt (lbs) 
W P I rVnnity ilh<?#ft ) 






Hiiiijht of SjmplfJ Rffom Soakinrj (im 
Hoirilit ot Snmplrj Aft^r booking (in) 
















CBR Sand 11 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Ln.id ,it 0.1 inch panellation ipbO 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content <%) 
9.28 
Moid Wt (lbs) 
Sample & Mold Wt (lbs) 
Sample Wt (lbs) 
Wet Density (lbs/ft3) 






Height of Sample Before Soaking (in) 
Height of Sample After Soaking (in) 
















-0.1 0.1 0.2 0.3 
Penetration (inches) 
0.4 0.5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisturo Content »I«J Microwave Oven ASTM D4643 Moisture Content via Oven AASHTO T-265^ 
Coritdiii>.-i Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%) 
9.14 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Mold Wt libs) 
Samplp & Mold Wt (lbs) 
S.nnpln Wt ilbs) 
Wet DPII-.UV libs ft ) 






Hoi iht r,\ Snmplo Before Snnkimj (in) 
Hcuilit of Sjmple After Soaking (in) 















CBR Sand 13 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
.5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T 193-99 
Moisture1 Content \ia Mir 
Container Wt (;j) 
Wot Wt (gi 
Dry Wt (n) 
Moisture Content ('• ) 





Moisture Content via Own AASHTO T-Z65 
Cuntiimoi Wt i'<]) 
Wot Wl (y; 
Urv Wt (y) 





Average Moisture Content (%) 
8.93 
Meld Wl (lbs) 
Sample & Mold Wt jibs) 
S.implo Wt (Ibi) 
Wet Density (lbs/ft ) 






Height cf Sample Bpfc»e Soaking (in) 
Height of S.imple After Soaking (in) 
















CBR Sand 14 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT Sand Testing AASHTO T193-99 
Moisture Content via Microwave Oven ASTM r>104'5 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Guitorit via Ovui AASHTO T-265 | 
Contiiinc-r Wt (rj) 
Wet Wt (g) 
Dry Wt (g) 






Average Moisture Content (%) 
8.90 
Mold Wt (Ibsl 
Sample & Mold Wt flbo) 
Sjmplo Wt (IL<3) 
Wet Dt-nsity ijha'ft ) 






Height of Sample Before Sonking iin) 
Height of Sample Aftnr Spiking iin) 















CBR Sand 15 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
bvid .it (i 1 inrh p---nntMti'>n (psn 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T193-99 
Moisture Cunturtf via Microw.ivi- Oven ASTM D4C4H 
C'jrilainor Wt (q) 
Wet Wt (g) 
Dry Wt (g) 





Moistur.-- Content via Own AASHTO T-2155 | 
Container Wt igi 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%) 
3.33 
Mold Wt (lbs; 
Sample & Mold Wt (lbs) 
Sample Wt (lbs) 
Wr-t Density (lbs/ft') 






Height of Sample Before Soaking (in) 
Height of Sample After Soaking (in) 















CBR 2 in. Minus 1 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T 193-99 
Moisture Content via Microwave 0 * n AS1M D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T ?6-J 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 




Average Moisture Content (%} 
4.29 
Mold Wt (lbs) 
Samp'e & Mold Wt (lbs) 
Samale Wt (lbs) 
Wet Density (Ibs/fi'l 






Height of S air pie Before Soaking (in) 
Height ol Sample Alter Soak'ng (in) 
















-0.1 0.1 0.2 0.3 
Penetration (inches) 
0.4 0.5 
Load at 0.1 inch penetration <psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T 193-99 
Moisture Content via Micmwaw Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Drv Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%) 
4.09 
Mold Wt-IIis) 
.Sample & Mold Wt (Ins) 
Sample Wt (ibsl 
W-M Dcnmty ilbs-fn 






Hi'iiiht of Sample hefoiu Soaknvj nm 
Hoiqlil of S.impln Alter Soaking (in) 







^ 2 0 0 0 







CBR 2 in. Minus 3 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 | 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%) 
3.89 
Mold Wt (lbs) 
Sample & Mold Wt libs) 
Samplo Wt (Ibsi 
W.^ t DoiiRity ilbs.'tt) 






Hmiht of bjii iplo rirfon1 Sunkinq firn 
Height of Sampli: Attor Soaking (in) 















CBR 2 in. Minus 4 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall RmS123 
CBR DOT 2 in. Minus Testing AASHTO T193-99 
Moisture Content via Micrownvu Own ASTM D-1G43 
Container Wt (g> 
Wtt Wt (q) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 | 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





A\urnge Moistuin Content (%) 
3.68 
Mold Wt (lbs) 
b.imple «, Mold Wt (lbi>) 
S.implo Wt (lbs) 
Wet Density (lbs/ft ) 






Hi iqht of Sampln Befoie Soakmrj (in) 
Hoinht of .sample After So.iking (in) 
















-0.1 0.1 0.2 0.3 
Penetration (inches) 
0.4 0.5 
Load at 0.1 inch penetration (psi) 





CBR Value = 198% 
Load at 0.2 inch penetration (psi) 








Kingsbury Hall Rm S123 
CBR DOT 2 in. MinusTesting AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-2&5 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%) 
4.87 
Mold Wt (lbs) 
sample A MoM Wt (lt)S) 
Sample Wl ub!>i 
Wt-t DoiiMly ilbs'ft i 






Honilit rif Sjnif-le Btfon? Snnkinn (im 
Hnicjht of Sample Altpr Sn.ikinrj (in) 













CBR2 In. Minus 6 
-0.1 0 0.1 0.2 0.3 0.4 0.5 
Penetration (inches) 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content {%) 
3.89 
Mold Wt (lbs) 
Sample & Mold Wt (lbs) 
Sample Wt (lbs) 
Wet Density (lbs/ft3) 






Height of S-impte Before Soakrvj (in) 
Height of Sample Af'.er Soaking (in) 
















CBR 2 in. Minus 7 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4043 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moistur-- Ccnicnt vi;i Own AASHTO T-i!&5 
Container Wt (cji 
Wet Wt (g) 
Dry Wt (g) 
Moisture Content (%) 




Average Moisture Content (%) 
4.96 
Mold Wt (lbs) 
Sample & Mold Wt (lbs) 
Samplo Wt (lbs) 
Wet Density ilbs/ft "\ 






Height of Sample Firfoif Konkimj (mi 
Hniqht ot b.impk; Altc r booking (ini 







^ 2 0 0 0 
Q. 







CBR 2 in. Minus 8 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





LuuJ tit 0'.' inch puniMrntion ipsi) 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moistuie Content via Own AASHTO T-265 
Container Wt (gl 
Wot Wt (rji 
Dry Wt itj) 





Average Moisture Content (%) 
4.28 
Mold Wl i\t-s) 
Sample K. Mold Wt (lbs,) 
Sample Wt (Ib3) 
Wet Dflnr.ily (Ibs-'fl I 






Hright of Sampk. Before Sunkmij (IN) 
Hoight of Sample After rtoakinrj (in) 










"m 1500 Co 
1000 
500 
-0.1 0.1 0.2 0.3 
Penetration (inches) 
0.4 0.5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 





ODn v3lU6 171% 
Corey Clark 
Date: 12/4/2009 
Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T193-99 
Moisture Content via Mkrrowiivi1 Oivn ASTM D4C-13 
Container Wt (g> 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Own AASHTO T-265 
Containoi Wl ig) 
Wet Wt igi 
Dry Wt (g) 





Average Moisture Content (%) 
4.72 
Mold Wt ilbs) 
Samplo ft Mold Wt (lbs) 
Sample Wt ilbs) 
Wot Density (Ibsift'i 






Height nf Sjniplo Hefuio Sorikinn. (in'i 
Hcuilit ol S.imple Aftpr Soaking (in) 
















CBR 2 in. Minus 10 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





L iwl tit {}.? mrh pi-nrtnitioii fpsh 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T 193-99 
Moiitnio Content u.i Minowjvt O-.vn ASTM D4C13 
Cuntiiinvr Wt ifj) 
Wet Wt (g) 
DP/ Wt (m 
Moisture Content i •.) 




Moioluro Content via Own AASHTO T-Z'bo 
Coritciirii1! Wt iy) 
Wot Wt (q) 
Dry Wt (rj) 
Miisturo Content i j 




Avoram; Moisture Content (%) 
4~69 
Mold Wt libs) 
Sample & Mold Wt ilbs) 
S.imple Wt (lbs) 
Wot Density llht'ft ) 






Hoicjht of Sjmplo Before Soaking (in) 
Height ot Sample After Sodking (rnj 
















l.i). if) .it 0.1 in:h pnnctriition ipsi) 
St:irnl<)nJ LOJCJ at 0.1 inr.h ips-i 




Load at 0.2 inch penetration (psi) 





CBR Value = 164% 
202 





Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T 193-99 
Moisture Content via Microwave Own ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASI \ TO T-265 
Containc Wt (q) 
Wet Wt (g) 
Dry Wt (gl 





Average Moisture Content (%) 
4.72 
Mold Wt (lbs) 
Sample & Mold Wt (lbs) 
Sample Wt (lbs) 
Wet Density (lbs/ft3) 






Height of Sample Before Soaking (in) 
Height ol Sample Alter Soaking (in) 













CBR 2 in. Minus 12 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%) 
4.43 
Mold Wt Mbsj 
S. impl f K Molil Wt ilbs) 
Sample Wt (lbs) 
W-.-t Dennitv ilhs/ft "j 






Hnight ot Sample Rpfom Soaking nn) 
Hciglit ot Sample After Soaking (in) 
















CBR 2 in. Minus 13 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load <j| 0.1 in rh pnnr-tr.ition (psi) 





Load at 0.2 inch penetration (pst) 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 Moisture Content via Oven AASHTO T-265: 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%) 
4.31 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Mold Wt (Ibsi 
S.'impk' & Mold Wt (lbs) 
Saniulo Wt ilbs.) 
Wot Density Mbs.'ft') 






Hoii|tit of Sample nofoic Soriking (in) 
Huyht uf Sample After Snaking (inj 















CBR 2 in. Minus 14 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR DOT 2 in. Minus Testing AASHTO T193-99 
Moisturo Cmitent vid Microwave Oven ASTM D4643 
Container Wl (gi 
Wet Wt (q) 
Dry Wt (g) 





Moisturu Contuit via Oven AASHTO T-265 
Cunluiiii-r Wt [>]) 
Wot Wt (yi 
Drv Wt iqj 





Average Moisture Content (%) 
4.'H 
MoldWtdt'Si 
a.imple & Mokl Wt (lbs) 
Sample Wt libs) 
Wet Density (Ibs-tr i 






Height of Sample Befoie Soaking (in) 
Heiyht ol S.implr Aftrr Snaking (in) 















CBR 2 in. Minus 15 
.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.2 inch penetration (psi) 





Load at 0.1 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR BDA Testing AASHTO T 193-99 
Muibturo Content vn Miciuw.iu> Ow.n ASTM D4613 
Cuiitmnpr Wt iy) 
Wet Wt (g) 
Dry Wt (g) 





Moistur-j Content «a 0\r>n AASHTO T-265 
Containoi Wt (g) 
Wut Wt >rji 
Urv Wt 'ni 





Average Moisture Content {%) 
9.82 
Mold Wt (His) 
Sample & Mold Wt (Ibsi 
Sample Wt (Ibsi 
V.'p-t Uunsity (lbs/ft") 






Height of Sample FMoir. Soakinrj 'jnl 
Hoi-jht of Sample- Aftr-r Sojkinq (in) 

















-0.1 0.1 0.2 0.3 
Penetration (inches) 
0.4 0.5 
L(i,nl .it 0.1 inch penolMtion fpsi) 
StcirnkuJ Lo.id iit 0.1 inch (phi) 





 tit u /> inch pi-netMtion ip'jij 









Kingsbury Hall Rm S123 
CBR BDA Testing AASHTO T193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%) 
10.67 
Height of Sample Reforo Soaking i.in) Mold Wt (lbs) 22.5 0.02 
Sample & Mold Wt (lbs) 32.32 Hoight of Sample After Soaking (in) 0.02 
Sample Wt (lbs) 9.82 Swelling p'vcentnrje (°o) 
Wet Density (lbs/ft3) 130.9301 
















-0.1 0.1 0.2 0.3 
Penetration (inches) 
0.4 0.5 
Load at 0.1 inch penetration (psi) 





Lcud dt 0 :\ inch pc-nctulion ipsi) 
Standard Load at 0.2 inch (psi) 








Kingsbury Hall Rm S123 
CBR BDA Testing AASHTO T193-99 
Moisture Coiik-nl via Microwave- Oven ASTM D-1613 
Container Wt (rp 
Wet Wt UJJ 
Dry Wt (y) 





Moisture Content via Oven AASHTO T-265 | 
Container Wt ly) 
Wot Wt (rj) 
Urv Wt 'y) 





Average Moisturo Content (%) 
10.23 
Mold Wt dbsi 
Sample ft Mol'J Wt (lbs) 
b.implcj Wt (lbs) 
Wot Density Il l icit ') 






Hmjlit of Sample b»foro Soaking un) 
Hrsight of Sample After Soaking nn) 

















-0.1 0.1 0.2 0.3 
Penetration (inches) 
0.4 0.5 
Load at 0.1 inch penetration (psi) 





Lrnd .it n :J inch |ii'iir>tinti'Hi (psi) 
Standjid Load at 0.2 inch (psi) 








Kingsbury Hall Rm S123 
CBR BDA Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wot Wt (g) 
Dry Wt (g) 





Moisture Content via Oven AASHTO T-265 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Average Moisture Content (%) 
11.14 
Mold Wt Hbs) 
Sample S Mold Wt (lbs) 
Sample Wt i.lbs.) 
WH Density (Ibs'ft') 






Howht of Sample Rtfoie Soaking (mi 
Hei-jlit <i\ Sample AttiT Sodkmg (in) 
















.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR BDA Testing AASHTO T 193-99 
Moistim* vaveOvenASTM D464& Moislurc Contont via Own AASHTO T-265 
Container VVt (g) 
Wol Wt (in 
Dry VVt (y) 





Average Moisture Content (%} 
11 If. 
Container Wt (gi 
Wtst VVt (gj 
Drv Wt (ci) 





Mold VVt (lbs) 
Sample K Mold Wt ilbs) 
Sample Wt dbt.) 
Wet Donnitv (Ibvft') 






Huiqht of Semi/le Before Soaking (in) 
Height ot Sample Aftor Soaking (in) 

















.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 





Load at 0.2 inch penetration (psi) 









Kingsbury Hall Rm S123 
CBR BDA Testing AASHTO T 193-99 
Moisture Content via Microwave Oven ASTM D4643 
Container Wt (g) 
Wet Wt (g) 
Dry Wt (g) 





Muistui'j Conluit vi;t Oi/en AASHTO T-265 
Container Wt (rp 
WU Wt fy) 
Dry Wt (rj) 





Average Moisture Content (%) 
10.54 
Mold Wt (Ibo) 
Sample & Mold Wt (lbs) 
Sample Wt \\bs) 
Wot Density (Ibs'ft'] 






Hcirjht of S.imple ESoforo Soaking (in) 
Hciijht of S.irnplc After Snnking (in) 














-0.1 0.1 0.2 0.3 0.4 0.5 
Penetration (inches) 
Lrnd .it 0 I inch pcni-trtituvi ',p:>i) 
Stnnditd Loiid at 0.1 inuh ipt.il 




Load at 0.2 inch penetration (psi) 









Kingsbury Hall R m S 1 2 3 
CBR BDA Testing AASHTO T193-99 
Moisture Content via M ic rwAiw O w n ASTM D4S43 
Container Wt (q) 
Wot Wt ig l 
Dry Wt fy) 





Moidturc Content na O w n AASHTO T-265 | 
Container Wt iq) 
Wot Wt (iij 
Dry Wt irjl 





Average Moisturo d intent (%) 
10.51 
Mulrl Wt (Ins) 
S.vnpfc1 S. Molil Wt rtbb) 
S.iniple Wt (lhs>) 
Wot LVnsity ilbs ft 1 






Heiglit of Samples Before Soaking dm 
Hoiflht nf Sample After So.ikmij n'n) 
















.1 0 0.1 0.2 0.3 0.4 0 
Penetration (inches) 
5 
Load at 0.1 inch penetration (psi) 
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